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I.  INTRODUCTION 
1.  PURPOSE   OF  TESTS 

There  have  been  few  systematic  researches  conducted  by  engi- 
neering laboratories  to  detennine  the  physical  properties  of  wire 
ropes.  The  tests  which  have  been  made  by  manufacturers  are, 
as  a  rule,  not  available  for  critical  comparative  study  by  engineers. 
The  investigations  which  have  been  made  abroad,  notably  those 
by  Tetmajer  and  the  South  African  Commission,  have  covered 
particular  types  of  constructions,  such  as  cables  for  tramway  and 
mine  hoists.  The  results  can  not  be  strictly  applied  to  American 
practice.  The  reason  that  systematic  experimentation  in  this 
field  has  been  somewhat  limited  may  be  attributed  to  the  fact  that 
it  is  difficult  to  obtain  a  large  number  of  specimens  for  test  pur- 
poses which  have  been  selected  under  uniform  specifications.  The 
relative  cost  of  preparing  specimens  is,  moreover,  as  a  rule,  quite 
out  of  proportion  to  the  yield  of  test  data.  A  considerable  range 
of  variation  may  be  expected  in  the  observed  data  on  different 
specimens,  so  that  a  larger  number  of  test  specimens  is  requisite 
in  obtaining  appropriate  averages  of  physical  properties  than  is 
ordinarily  required  in  other  tests  upon  the  materials  of  construc- 
tion. 

It  is  the  purpose  in  this  paper  to  give  a  digest  of  the  results  of 
tests  of  about  300  cables  selected  under  the  specifications  of  the 
Isthmian  Canal  Commission.  The  specimens  were  submitted 
primarily  for  the  purpose  of  fulfilling  acceptance  tests  upon  mate- 
rial used  at  the  Canal  Zone.  The  tensile  strength  of  the  specimens 
was  the  important  consideration,  but  the  major  portion  of  the 
investigation  has  been  of  a  purely  supplementary  character  to 
determine  the  laws  of  behavior  of  the  cables  in  connection  with 
their  important  physical  characteristics. 

2.  MANtTFACTURERS  REPRESENTED 

The  cables  to  be  described  were  submitted  from  the  plants  of  the 
following  manufacturers :  The  Broderick  &  Bascom  Rope  Co. ,  St. 
Louis,  Mo. ;  A.  Leschen  &  Sons  Rope  Co. ,  St.  Louis,  Mo. ;  Macomber 
&  Whyte  Rope  Co.,  Chicago,  111.;  Hazard  Manufacturing  Co., 
Wilkes-Barre,  Pa.;  Wright  Wire  Co.,  Palmer,  Mass.;  Waterbury 
Co.,Newyork,N.Y.;  John  A.  Roebling's  SonsCo.,  Trenton,  N.  J. ; 
and  American  Steel  &  Wire  Co.,  several  plants. 

It  seemed  important  to  treat  the  manufacturer  as  a  variable 
of  the  investigation.  It  was  felt,  however,  that  it  would  be  unjust 
to  draw  any  conclusions  from  the  comparative  test  data  in  this  re- 
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spect  without  giving  at  the  same  time  the  fullest  description  of 
processes  of  manufacture  and  particular  grades  of  steel  used,  trade 
names,  etc.  It  was  considered  that  any  needs  of  the  investigation 
in  accounting  for  a  possible  uniformity  of  results  with  respect  to 
one  manufacturer's  product  would  be  served  by  indicating  the 
manufacturer  impersonally  by  an  appropriate  symbol.  In  the 
tables  the  manufacturer  is  designated  by  a  letter  with  a  suitable 
numeral  as  M-9,  etc.,  without  reference  to  the  list  above  given. 
No  other  identification  is  given,  and  trade  names  are  omitted. 
The  particular  grade  or  quality  of  any  one  type  of  steel  or  other 
material  is  to  be  inferred  from  the  test  data. 

3.  PERSONNEL  OF  INVESTIGATION 

The  investigation  .was  started  in  1908  at  the  structural  materials 
laboratory  of  the  Geological  Survey.  Acknowledgments  are  due 
to  N.  D.  Betts,  W.  C.  Campbell,  H.  Kaplan,  L.  H.  Losse,  E.  R. 
Gates,  and  T.  N.  Holmes  for  some  of  the  earlier  work  which  was 
perfonned  under  the  direction  of  Richard  L.  Humphrey.  The 
laboratory  was  placed  under  the  administration  of  the  Bureau  of 
Standards  in  19 10.  The  authors  have  continued  the  tests  up  to 
the  present  time,  and  are  responsible  for  the  work  of  collation  of 
the  data, 

II.  CONSTRUCTION  AND  CLASSIFICATION  OF  TEST  SPECI- 
MENS 

1.  GENERAL  CONSTRUCTION  OF  CABLES  DESCRIBED 

It  has  been  found  in  the  development  of  the  wire-rope  industry 
that  certam  arrangements  of  wires  in  a  cable  strand  afford  more 
stable  combinations  and  are  otherwise  more  efficient  in  meeting  the 
provisions  of  specifications  than  others.  Manufacturers,  as  a 
the  result  of  their  experience,  have  adopted  standard  types  of 
construction  '  and  have  used  particular  grades  of  steel  to  best 
fulfill  the  needs  of  engineering  practice.  One  type  of  cable,  for 
example,  is  more  applicable  where  static  strength  is  the  important 
factor  and  another  where  a  high  abrasive  resistance  is  to  be  devel- 
oped. One  type  is  better  fitted  for  power-transmission  purposes 
and  another  for  ship  riggings,  as  the  case  may  be. 

A  cable  is  composed  of  strands.  The  strand  is  the  fundamental 
unit  of  its  construction.  The  wires  of  these  strands  are  twisted 
together  symmetrically  according  to  a  definite  geometrical  arrange- 

'  Reference  may  be  made  to  the  handbooks  and  trade  catalogues  issued  by  the  manufacturers. 
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merit.  One  wire  is  placed  at  the  center  of  the  strand  in  ordinary 
construction.  This  wire  is  surrounded  with  successive  concentric 
rings  of  wires  containing  6,12,18,  and  24  or  more  wires  according  to 
the  type  used.  (See  Fig.  i.)  The  cables  in  this  investigation 
have  either  6  or  8  strands  with  different  arrangements  of  wires, 


(u)  Tiller  rope  of  Swedish        (6)  Guy  rope  of  galvanized        (c)  Hoisting  rope  of  plow 
iron,  6  by  42.  steel,  6  by  7.  and  crucible  cast  steel, 

6  by  19. 


(f)  Flexible  hoisting  rope 
of  plow  steel,  S  by  19. 


(/)Flexible  hoisting  rope 
of  plow  steel,  6  by  37. 


((f)  Hoisting  rope  of  plow 
and  crucible  cast  steels, 
6  by  19  by  6. 

Fig.  I. — Sections  of  wire  rope 
First  numeral  in  6  by  19  by  6  of  {d)  refers  to  number  of  strands,  second  to  number  of  wires  in  a  strand, 
and  third  to  number  of  filler  wires  in  a  strand.    Other  numerals  of  (tf)  refer  to  location  of  "rings"  of  wires 
and  similarly  for  the  other  sections. 

which  will  be  described  later  in  detail.  The  construction  of  the 
cable  is  briefly  specified  by  giving  the  number  of  strands  in  the 
cable  and  the  number  of  wires  in  a  strand.  For  example,  a  cable 
having  6  strands  of  19  wires  each,  as  in  (c)  of  the  figure,  is  briefly 
described  as  a  6  by  19  construction.     Sometimes  additional  filler 
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wires  are  inserted  in  such  a  way  as  to  reduce  the  open  spaces 
between  the  wires.  A  third  figiu-e  is  then  added  and  the  con- 
struction is  indicated,  for  example,  as  6  by  19  by  6,  as  in  (</)  of  the 
figure. 

The  strands  are  grouped  about  a  rope  core  of  manila  or  other 
suitable  fiber,  which  is  effective  in  holding  a  lubricant  for  the 
wires  and  also  in  providing  an  appropriate  bedding  for  the  strands. 
Empirical  equations  expressing  the  general  laws  of  the  construc- 
tion for  the  different  types  of  cables  will  be  given  later  in  this 
report. 

2.  CLASSIFICATION  AND   SPECIFICATIONS 

The  classification  of  the  test  specimens  given  in  this  paper  is 
purely  an  arbitrary  one.  Manufacturers  make  ntmierous  other 
t3rpes  of  cables  than  those  to  be  discussed.  The  classification  to  be 
described  was  selected  because  it  follows  the  main  subdivisions 
given  in  the  specifications.  It  was  found  to  be  useful  in  the 
arrangement  and  grouping  of  the  test  data  for  analysis  and  dis- 
cussion. While  certain  particular  types  are  not  included  in  the 
report,  it  is  believed  that  in  any  large  engineering  construction 
operation  the  relative  nmnber  of  cables  used  of  each  type  and 
diameter  and  the  weight  of  importance  which  attach  to  those 
types  will  bear  some  approximate  relation  to  those  given  in  the 
following  classification.  A  few  results  of  tests  of  larger-size  cables 
conducted  at  the  Washington  laboratory,  and  of  other  cables 
not  given  in  the  classification,  have  been  given  in  the  report  as 
matters  of  general  interest. 

(a)  Tiller  Rope. — This  is  the  most  flexible  type  of  cable  manu- 
factured. 'Such  cables  are  used  where  the  loading  is  light  and 
bending  over  small  sheaves  is  required,  as  in  the  case  of  boat 
tillers.  They  are  not  adapted  to  resisting  surface  abrasion  on 
account  of  the  small  diameter  of  the  wires. 

The  cables  tested  of  this  type  are  of  Swedish  iron.  The  con- 
struction is  6  by  6  by  7.  (See  Fig.  i  (a).)  The  diameters  range 
from  ^  inch  to  i  inch.  It  was  stipulated  in  the  specifications  that 
the  material  was  to  be  used  on  small  boats  and  for  similar  services 
where  extreme  flexibility  is  necessary.  "Rope  is  to  be  made  from 
high-grade  Swedes  iron  stock.  Rope  is  to  be  composed  of  252 
wires,  made  up  of  a  hemp  core,  around  which  are  twisted  6  ropes, 
each  of  which  consists  of  6  strands  inclosing  a  hemp  center;  each 
strand  to  have  7  wires." 
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The  tensile  strength  to  be  developed  for  tiller  rope  was  not 
mentioned.  The  strengths  specified  by  one  of  the  manufacturers 
for  iron  tiller  rope  are  as  follows: 


Diameter 

Tensile 
strength 

Diameter 

Tensile 
strength 

Inches 

V4 

3/8 
1/2 

Pounds 

1300 
3000 
5800 

Inches 

5/8 
3/4 
1 

Pounds 

7000 
11000 
22  000 

(b)  Guy  Rope. — This  rope  is  used  for  the  guying  of  steel  stacks, 
derrick  masts,  and  gin  poles  in  engineering  construction  work, 
for  ship  rigging,  etc.,  where  there  is  static  loading  without 
bending  on  sheaves  and  little  impact.  The  wires  are  usually 
galvanized  to  resist  weathering  and  corrosive  vapors.  The 
construction  is  6  by  7.  (See  Fig.  i  (6).)  Since  there  are  com- 
paratively few  wires  and  these  are  relatively  of  large  diameter, 
the  6  by  7  construction  is  the  least  flexible  type  of  rope.  It  is 
sometimes  used  for  haulage  purposes,  where  the  cables  are  not 
bent  over  sheaves.  It  is  well  fitted,  on  account  of  the  relative 
size  of  the  wires,  to  resist  surface  abrasion. 

The  specifications  called  for  "galvanized  iron  or  steel  standing 
rope  to  be  used  in  connection  with  ship  rigging,  guys  for  der- 
ricks, guys  for  smokestacks,  etc.  Rope  is  to  be  coarse  laid  and 
composed  of  6  strands  of  7  wires  to  the  strand.  *  *  *.  Wire 
shall  be  well  galvanized  and  shall  be  what  is  known  to  the  trade 
as  extra  galvanized." 

It  was  stated  in  the  specifications  that  these  ropes  shall  have 
a  minimum  tensile  strength,  as  follows: 


Diameter 

TensUe           niomeK-r    '      Tensile 
strength           Diameter          strength 

|i 

Inches 

3/8 
1/2 
5/8 
3/4 
7/8 

Pounds       !      Inches 

3900         1           1 

6800                   1  1/8 

11  400        !           1  1/4 

15  600        1           1  3/8 

22  200         !          1  1/2 

Pounds 

28  200 
36  000 
46  000 
52  000 
60  000 

The  values  in  the  above  table  range  from  5  to  12  per  cent 
below  the  standard  strengths  adopted  by  a  committee  of  the 
manufacturers  in  May  19 10  for  iron  rope  of  this  class.  The  ropes 
tested  were  galvanized  steel. 
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(c)  Hoisting  Rope  of  Crucible  Cast  Steel. — This  rope  was  not 
mentioned  in  the  specifications,  but  was  submitted  for  testing. 
It  is  conmionly  used  for  mine  hoists,  elevators,  conveyors,  der- 
ricks, and  kindred  purposes.  Crucible  cast  steel  rope  possesses 
about  double  the  strength  of  iron  rope  of  the  same  diameter. 
Crucible  steel  is  described  by  the  manufacturers  as  an  acid  open- 
hearth  carbon  steel.  In  the  finished  wire  it  has  a  tensile  strength 
varying  from  1 50  000  to  200  000  pounds  per  square  inch.  The 
ropes  tested  are  of  the  6  by  19  and  6  by  19  by  6  construction, 
as  shown  in  Fig.  i  (c)  and  (d) . 

The  1 9 10  standard  strengths  adopted  by  the  committee  of 
manufacturers  for  this  class  are  as  follows: 


Diameter 

Tensile 
strength 

Diameter 

Tensile 
strength 

Inches 

1/4 
3/8 
1/2 
5/8 
3/4 

Pounds 

4400 

9600 

16  800 

25  000 

35  000 

Inches 

7/8 
1 

1  1/8 
11/4 
1  3/8 
11/2 

Pounds 

46  000 
60  000 
76  000 
94  000 
112  000 
128  000 

(d)  Hoisting  Rope  of  Plow  Steel. — The  specifications  stated  that 
the  rope  was  to  be  used  on  locomotive  and  wrecking  cranes 
and  for  similar  heavy  work.  The  ropes  tested  are  of  the  6  by  19 
and  6  by  19  by  6  construction,  as  shown  in  Fig.  i  (c)  and  (d). 

Plow  steel  is  described  by  the  manufacturer  as  an  acid  open- 
hearth  mejdium-high  carbon  steel,  having  a  tensile  strength  in 
the  finished  wire  varying  from  220000  to  260000  pounds  per 
square  inch,  this  depending  somewhat  on  the  size  of  the  wires 
and  the  particular  grade  of  plow  steel.  It  was  stated  in  the 
specifications  that  this  rope  should  possess  a  minimum  tensile 
strength  for  different  diameters,  as  follows: 


Diameter 

Tensile 
strength 

Diameter 

Tensile 
strength 

Inches 

3/8 
1/2 
5/8 
3/4 
7/8 

Pounds 

11  500 
20  000 
31  000 
46  000 
58  000 

Inches 

1 

1  1/8 
11/4 
1  3/8 

11/2 

Pounds 

76  000 
94  000 
116  000 
144  000 
164  000 

lO 
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It  was  specified  that  the  wire  used  in  the  construction  should 
have  an  elongation  in  8  inches  of  about  2^-2  per  cent.  The  above 
tensile  strengths  coincide  with  the  standard  strengths  adopted  by 
the  manufactures  May,  19 10. 

(e)  Extra-Flexible  Hoisting  Rope  of  Plow  Steel. — It  was  specified 
that  this  class  of  rope  was  to  be  used  "  in  connection  with  steam- 
shovel  swinging  gear  and  similar  service,  where  it  is  wound  on 
small  diameter  drums."  The  rope  is  of  8  by  19  construction, 
indicated  in  Fig.  i  (e).  It  was  stated  that  6  by  37  construction 
might  be  substituted  for  rope  having  a  larger  diameter  than  i  inch. 
The  minimum  tensile  strength  to  be  developed  was  given  in  the 
specifications  as  follows : 


Diameter 

Tensile 
strenglh 

Diameter 

Tensile 
strength 

Inches 

1/4 
3/8 
1/2 
5/8 
3/4 
7/8 

Pounds 
4500 
10  240 
17  400 
28  000 
40  000 
52  000 

Inches 

1 

11/8 
11/4 
13/8 

11/2 

Pounds 

66  000 
86  000 
104  000 
128  000 
148  000 

These  tensile  strengths  are  the  same  as  the  standard  strengths 
for  plow-steel  cables  of  this  class  adopted  by  the  manufacturers 
in  1 9 ID. 

The  specifications  also  stated  that  the  wire  entering  into  the 
construction  should  develop  an  elongation  in  8  inches  of  about  2^ 
per  cent. 

III.  SCOPE    OF   THE    INVESTIGATION 


It  is  the  intention  in  this  paper  to  discuss  the  physical  charac- 
teristics of  the  cables  as  submitted  from  the  results  of  the  tests. 
The  laws  of  arrangement  of  the  strand  and  wires  and  the  relations 
which  exist  between  the  diameter  of  the  cables,  their  constituent 
wires,  rope  cores,  and  the  pitches  of  the  wires  and  strands  have 
been  determined. 

Analyses  are  submitted  of  the  steel,  hemp  fibers,  and  lubricants 
of  plow-steel  cables.  These  show  the  grades  of  material  used  and 
the  variations  that  may  exist  for  cables  of  the  same  class  submitted 
by  different  manufacturers.  The  variations  found  are  doubtless 
typical  of  those  which  exist  for  the  other  classes. 
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The  maximum  loads  and  stresses  developed  by  tensile  tests  have 
been  found  for  all  the  specimens.  The  types  of  fractures  have 
been  recorded  in  each  case  to  show,  if  possible,  a  relation  between 
the  maximum  load  and  the  manner  of  failure  of  the  specimen. 

Stress-strain  measurements  were  made  upon  over  50  per  cent 
of  the  cables  tested  to  determine  the  percentage  of  elongation  and 
the  lateral  contraction  of  the  specimens  under  cumulative  loads. 
These  data  are  important  in  developing  a  rational  mechanics  of 
the  cable,  and  show  to  what  extent  a  cable  possesses  elastic  struc- 
ture. The  data  have  been  used  for  determining  the  moduli  of  the 
cables.  The  modulus  is  employed  in  the  calculation  of  flexural 
stresses  when  a  cable  is  bent  over  a  sheave  for  the  transmission  of 
power.  These  data  may  also  be  employed  in  investigating  the 
bending  moment  and  torque  developed  in  a  strand  when  it  is 
analyzed  as  a  helical  spring. 

The  results  of  a  large  number  of  individual  tests  of  wires  have 
been  presented  to  show  the  uniformity  in  the  properties  of  steel 
employed  for  cables  subject  to  kinetic  loading.  The  wires  for 
this  purpose  were  taken  from  the  specimens  before  the  tensile  tests 
were  made.  The  mean  tensile  strengths  and  percentages  of  elonga- 
tions in  the  wires  were  determined,  and  the  amounts  of  variations 
are  recorded  for  comparison  with  the  elongations  found  for  the 
cables. 

A  general  analysis  is  given  of  the  distributions  of  stress  in  the 
constituent  wires  of  a  "cable.  This  has  been  employed  for  inter- 
preting the  modes  of  fracture  of  cables  and  the  effects  upon  the 
strength  of  wide  variations  in  the  elongations  of  wires.  The  ratio 
of  the  strerigths  of  cables  to  the  strengths  of  their  aggregate  wires 
have  been  determined. 

The  results  of  the  tests  have  been  analyzed  by  statistical 
methods,  and  the  conclusions  as  to  the  fundamental  properties 
and  laws  of  wire  rope  are  stated. 

IV.  DETAILS     OF    CONSTRUCTION    AND     MEASUREMENTS 

OF    CABLES 

1.  PRIMARY  DATA  FROM   MEASUREMENTS 

Tables  3  to  13,  inclusive,  give  a  list  of  275  specimens  upon 
which  tests  were  conducted.  Each  cable  is  given  a  serial  number, 
these  being  taken  in  numerical  order.  The  classification,  diameter, 
and  other  fundamental  data  are  recorded  in  the  tables  under  the 
heading  "General  data."     The  diameters  recorded  are  the  rated 
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diameters  of  the  manufacturers,  and  represent  the  diameters  of 
the  cyUndrical  envelope  of  the  specimen  instead  of  the  lesser 
"diameter"  of  the  prismoidal  envelope  inclosing  strands.  The 
specimens  are  arranged  in  the  tables  in  the  order  of  the  groups  as 
previously  described  in  the  classification;  also  in  the  order  of 
increasing  diameters. 

(a)  Cross  Sectional  Areas  of  the  Cables. — In  determining  the 
cross-sectional  areas  the  obser\^er  obtained  the  mean  of  several 
measurements  of  each  diameter  of  the  component  wires  of  a  single 
strand,  using  a  Brown  &  Sharpe  screw  micrometer  for  the  purpose, 
and  from  these  diameters  calculated  the  area  of  the  wires,  the 
sum  of  which  when  multiplied  by  the  number  of  strands  gives  the 
aggregate  area  of  the  wires  in  the  cable.  All  wires  are  included, 
including  the  filler  wires  which  are  sometimes  used  in  the  cable 
construction  as  in  Fig.  i  id) .  These  cross-sectional  areas  were 
determined  for  each  cable,  and  are  given  under  the  appropriate 
column  of  tables,  together  with  the  mean  area  for  any  particular 
group  of  cables  found  by  averaging  the  results.  The  areas  deter- 
mined in  this  manner  are  the  nominal  areas  commonly  used  in 
obtaining  the  approximate  stress  upon  the  cross  sections. 

(6)  Formulas  for  the  Diameters  of  Wires  and  Sectional  Areas  of 
Cables. — The  mean  sectional  areas  of  the  cables  and  the  mean 
diameters  of  the  wires  for  each  group  are  given  for  ready  reference 
in  Table  i .  The  mean  diameters  of  the  wires  were  calculated  from 
the  mean  areas  by  the  formula 


,_/         A        \i- 

Vo-7854Xne/ 


where  d  is  the  mean  diameter  of  the  wire,  A  is  the  mean  area  and 
Uc  is  the  number  of  wires  in  the  cable.  Four-place  logarithms 
were  used  for  this  purpose. 

The  mean  diameter  of  the  wires  used  in  a  particular  cable  will 
be  found  to  be  in  close  agreement  with  the  empirical  formula 

d=K  -Tj >  D  representing  the  diameter  of  the  cable  in  inches, 

N  the  number  of  wires  in  the  outer  ring  of  a  strand,  and  K  is  a 
constant  for  any  one  group  of  cables  of  the  classification.  The 
value  of  K  is  unity  for  6  by  19  plow  and  crucible  steel  hoisting 
rope  and  6  by  7  guy  rope.  It  is  four-fifths  for  the  extra  flexible 
8  by  19  plow-steel  rope,  and  one-third  for  the  tiller  rope.  This 
formula  will  give  the  diameter  of  the  wire  to  within  0.00 1  or  0.002 
inch.     For  example,  in  the  case  of  the  crucible-cast  and  plow- 
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steel  ropes  of  three-fourths  inch  diameters,  there  are  12  wires  in 


0.7 


the   outer  ring   of   a  strand.     Accordingly  d==i.o     "        =  0.0500 

inch.  The  mean  diameters  as  given  in  Table  i  found  by  indi- 
vidual measurements  of  all  the  cables  of  this  group  are  0.0509  inch 
and  0.0503  inch,  respectively.     Similarly  with  a  i-inch  tiller  rope 


the   equation   gives   d  = 


I      i.o 


=  0.0370   inch,  as   against  0.0357 


3   6-H3 
from  the  table. 

The  mean  sectional  areas  of  the  cables  are  given  approximately 
-2 
bv  the  formula  Am  =  §  D^  for  the  6  by  19,  8  by  19,  and  6  by  7  con- 

o 

structions,  and  A,a=-  D^  for  the  6  by  42  tiller-rope  constructions, 

4 
as  may  be  found  by  reference  to  Table  i.  .  The  areas  A^  may  be 
subject  to  error  of  0.0 1  or  0.02  square  inch.     More  exact  coefficients 
for  D^  are  given  in  this  table  and  the  actual  areas,  and  the  range 
of  variation  may  be  noted  by  comparison  with  Tables  3  to  12. 

TABLE   1. — Mean  Diameters  of  Wires  and  Sectional  Areas  of  Cables 


Diameter  of 
cable,  D 


^inch 

Htach 

Kinch 

J^inch 

Jiinch 

J^tach 

Itoch 

IHlncbes.. 
IH  Inches. . 
IH  inches.. 


Tiller  rope, 
6  by  42 


Diam- 
eter of 
wires, 

d 


0.0O90 
.0140 
.0184 


Area  of 
cable, 

A 


0.  016 
.039 
.067 


Guy  rope, 

6  by  7 


Diam- 
eter of 
wires, 

d 


0.0264 
.0404 
.0537 
.0705 
.0794 
.0905 
.1061 
.1203 


Area  of 

cable, 

A 


0.023 
.054 
.095 
.164 
.208 
.270 
.371 
.479 


Crucible-Steel 

hoisting  rope, 
6  by  19 


Plow-stee! 

hoisting  rope, 

6  by  19 


Diam- 
eter of 
wires, 

d 


0.0164 
.0252 
.0338 
.0423 
.0509 
.0567 
.0657 
.0722 
.0839 


Area  of 

cable, 

A 


0.024 

.037 
.102 
.160 
.232 
.288 
.386 
.467 
.630 


Diam- 
eter of 
wires, 

d 


0. 0167 
.0255 
.0346 
.0418 
.0503 
.0603 
.0681 


.0840 
.1047 


Area  of 

cable, 

A 


0.025 
.058 
.107 
.136 
.226 
.325 
.413 


.632 
.981 


Plow-Steel 

hoisting  rope, 

8  by  19 


Diam- 
eter of 
wires, 

d 


0.  0139 
.0198 
.0267 
.0340 
.0420 
.0491 
.0544 


.0678 
.0856 


Area  of 

cable, 

A 


0.023 
.047 
.083 
.138 
.210 
.288 
.353 


.549 
.875 


APPROXIMATE   FORMULA   FOR   WIRES 


-APPROXIMATE   FORMULA   FOR   AREAS 


(  d= diameter  of  wires. 
d^K—^^\D= diameter  of  cable. 


N+3 


N= 


=iiuniber  of  wires  in  outer 
ring. 
K=i.o  for  6  by  19  plow  and  crucible  steel 

rope  and  6  by  7  guy  rope. 
K=  .8  for  8  by  19  plow-steel  rope. 
K=  .33  for  6  by  42  tiller  rope. 


A  =  C  D^ 
,4=area  of  cable. 

C=o.4i  for  6  by  19  plow-steel  rope. 
C=  .38  for  6  by  19  crucible-steel  rope. 
C=  .38  for  6  by  7  guy  rope. 
C=  .35  for  8  by  19  plow-steel  rope. 
C=   .26  for  6  by  42  tiller  rope. 
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In  view  of  the  time  required  in  making  micrometer  measurements 
of  the  actual  wires  of  a  cable  and  the  subsequent  somewhat  tedious 
calculations  of  the  aggregate  areas  of  the  wires,  the  above  formulas 
have  been  found  of  general  utility  in  giving  a  quick  check  on  the 
measurements.  They  are  of  value  in  giving  analytical  expres- 
sions for  these  functions  in  mechanical  analyses,  and  in  making 
quick  estimates. 

(c)  Lays  of  Strands  and  Wires. ^The  enveloping  surface  of  a 
strand  is  a  particular  case  of  the  tubular  surface.  This  is  the 
surface  generated  by  a  sphere  of  constant  radius  whose  center 
moves  upon  a  skew  curve  as  directrix.  The  directrix  in  the  case 
of  a  strand  of  the  cable  is  a  helix.  The  helix  is  a  curve  whose 
tangent  makes  a  constant  angle  with  a  fixed  straight  line.^  The 
axis  of  the  central  wire  of  the  strand  as  it  winds  about  the  central 
axis  of  the  cable  generates  a  helix.  The  distance  along  the  axis 
of  the  cable  in  which  this  helix  makes  one  complete  turn  is  gen- 
erally known  as  the  pitch.  It  is  called  the  lay  by  wire-rope 
manufacturers.  A  wire  in  a  strand  winds  about  the  helical  axis 
of  the  strand  as  this  in  tiu-n  winds  about  the  axis  of  the  cable.  It 
generates  a  "  compound  "  helix  or  a  more  general  form  of  the  simple 
helix.  The  distance  along  the  axis  of  the  strand  in  which  the  wire 
makes  one  complete  revolution  is  called  the  lay  of  the  wire.  The 
lays  of  the  strands  and  wires  were  measured  and  will  presently 
be  discussed. 

When  the  wires  twist  in  the  same  direction  about  the  axis  of 
the  strand  as  the  strand  twists  about  the  axis  of  the  cable  the 
construction  is  known  as  Lang's  lay,  and  is  sometimes  called  the 
Albert  lay.  When,  on  the  other  hand,  the  direction  of  twist  of 
the  wires  is  in  an  opposite  direction  to  that  of  the  strands,  the 
construction  is  known  as  the  regular  lay.  If  the  direction  of  the 
twist  in  a  strand  corresponds  to  that  of  a  right-handed  screw,  the 
wires  being  twisted  in  the  opposite  direction  about  the  axis  of 
the  strand,  the  construction  is  known  as  right  lay,  and  vice  versa 
as  left  lay.  There  are  also  right  and  left  lays  in  the  case  of  the 
strands  of  the  Lang  lay  ropes.  The  right-lay  strands  are  of  stand- 
ard construction.^  The  cables  tested  are  regular  right  lay  through- 
out, as  is  shown  in  Fig.  3. 

(d)  Laws  of  Construction  and  Formulas  for  Estimating  Pur- 
poses.— From  the  data  of  Fig.  i  and  Tables  3  to  12  the  following 
laws  of  construction  are  deducible  with  reference  to  the  geo- 

^  The  general  analysis  of  skew  curves  is  discussed  by  E.  Goursat,  Cours  d 'Analyse  (trans-  by  E.  R. 
Hedrick),  chapters  ii  and  12. 
3  See  Ajnericaa  Wire  Rope  (1913).  chapter  3 ;  handbook  issued  by  American  Steel  &  Wire  Co. 
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metric  properties  of  the  cables,  the  diameters  of  wires,  lays,  etc. 
The  dimensions  are  found  to  be  linear  functions  of  the  diameter 
of  cable,  viz,  a  constant  X  D  (very  nearly) ;  in  other  words,  if  the 
diameter  of  wires,  of  rope  core,  the  lengths  of  lay,  etc.,  are  known 
for  one  diameter  of  cable  of  the  same  type  of  construction,  those 
of  another  diameter  of  this  type  may  be  found  simply  by  con- 
sidering the  degree  of  "magnification "  in  diameters  of  the  second 
over  the  first.  For  example,  taking  the  mean  diameter  of  the 
wires  in  a  five-eighths  inch  plow  steel  of  6  by  19  construction 
given  in  Table  i,  as  0.0418,  the  corresponding  value  for  a  i>^-inch 
diameter  cable  is  0.0840,  approximately  twice  the  other,  and  so 
on  proportionately  for  other  diameters  for  this  and  other  speci- 
mens. 

Similarly  the  diameters  of  the  rope  cores  are  a  certain  fraction 
throughout  of  the  cable  diameters.  The  effective  diameter  of 
the  rope  core  is  equal  to  the  diameter  of  the  iimer  cylindrical 
envelope  of  strands,  and  is  fotmd  by  subtracting  the  diameter  of 
two  strands  taken  along  the  diameter  of  cable  from  that  of  the 
cable  diameter.     It  is  found  in  this  manner  that  the  effective 

diameter  of  the  core  is  one-third  the  diameter  of  cable  —for  a 

3 

six-strand  cable.  It  is  nearly  —  for  one  of  eight  strands.  For  ex- 
ample, for  a  I -inch  plow-steel  rope,  there  being  5  tvires  on  the 
diameter  of  a  strand  of  0.0681 -inch  mean  diameter,  the  diameter 
of  strand  and  rope  core  is  0.068 1  inch  by  5  =  0.3405  inch  =  (approxi- 
mately) —..and  similarly  for  the  plow-steel  8  by  19  construction. 
For  the  guy  ropes,  3  wires  are  taken  instead,  the  strand  and  rope- 
core  diameters  being  —  as  before. 

The  actual  diameters  of  the  rope  cores  before  they  enter  the 
cable  are  approximately  —  During  fabrication  the  core  is  com- 
pressed so  that  the  strands  bed  firmly  on  the  hemp,  and  the 
material  will  fill  the  grooves  formed  by  the  strands  and  wires. 
This  law  holds  approximately  for  the  tiller  rope,  although  more 
difficulty  was  experienced  in  measuring  the  diameters  of  the 
strands  exactly  on  account  of  the  presence  of  the  small  rope  in 
the  strands.  The  separate  strands  of  tiller  rope,  however,  appear 
to  follow  the  same  laws  as  the  cables. 


i6 


Technologic  Papers  of  the  Bureau  of  Standards 


The  lays  of  over  150  of  the  strands  were  measured  for  the  dif- 
ferent diameters  of  cables  of  each  class.  The  maximum,  mini- 
mum,  and  mean  values   observed   are   platted  in  Fig.   2.     The 


4  2 

J)=jDiamei'er 


3 
of  CcfB/e  /n  inches 


Fig.  2. — hays  of  strands  and  wires  for  cables  of  different  diameters 

The  lay  is  tlie  pitch  or  distance  along  the  axis  of  cable  or  strand  in  which  the  strand  or  wire  makes  a  com- 
plete revolution.  The  numerals  refer  to  the  number  of  separate  observations  taken  in  determining  the 
mean.    The  range  of  variation  from  the  mean  is  shown  by  the  broken  lines. 

mean  lay  of  the  strands  L^  may  be  taken  for  purposes  of  analysis 
\  of  results  as  7.5  D.  With  a  i-inch  cable,  for  example,  the  strand 
makes  a  complete  turn  around  the  axis  in  about  7^2  inches. 
Extreme  values  as  low  as  6  inches  and  as  high  as  8>^  inches  were 
found  for  this  diameter,  the  practice  of  the  manufacturers  varying 
somewhat  in  meeting  different  conditions.  More  difficulty  is 
experienced  in  tracing  the  course  of  the  wires.  The  mean  value 
for  the  lay  of  wires  Lw  =  2  J^J'D  or  3  Z?  is»a  fair  estimate  from  the 
measurements  for  purposes  of  analysis.  The  mean  values  from 
the  measurements  are  indicated  by  a  small  circle  in  the  figure, 


^ 
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the  number  of  observations  taken  being  indicated  by  the  adjoin- 
ing numerals. 

J.  B.  Smith  *  in  discussing  English  practice  some  years  ago  says 
that  "  as  a  general  approximation,  it  may  be  stated  that  the  lays 
in  strands  vary  from  2  to  6  inches  or  about  3  to  4  times  the  diam- 
eter of  the  rope,  while  the  lays  in  roping  range  from  about  6  to 
12  inches,  or  7  to  10  times  their  diameter.  In  other  words,  about 
2  to  3  twists  are  put  in  the  strand  to  i  in  the  rope."  The  Ameri- 
can practice,  as  indicated  in  these  results,  is  evidently  such  as 
to  give  a  good  degree  of  flexibility  of  the  rope  without  reducing  ^ 

its  efficiency  too  much  in  developing  the  aggregate  strength  of 
the  wires,  the  maximum  of  efficiency  being  attained  with  parallel 
lays  of  the  wire  and  strands. 

The  orthogonal  projection  of  the  helix  formed  by  the  central 
wire  of  a  strand  on  a  transverse  section  of  the  cable  is  a  circle 
whose  diameter  is  2/3D.  The  corresponding  value  for  the  outer 
wire  of  a  strand  referred  to  the  axis  of  strand  is  eight-tenths  of 
1/3D  for  the  6  by  19  construction.  Accordingly,  taking  Lg  as  the 
pitch  of  strand  and  L^  for  the  pitch  of  the  outer  wire,  the  relation 
existing  is 

J-    =j—     or  —  =0.4:1.  e.,  approximately -^, 

as  found  from  the  mean  ratios  of  the  lays  as  already  determined. 
The  angle  of  slope  of  the  wires  referred  to  the  axis  of  the  strand 
in  standard  constructions  is  equal  in  magnitude,  but  opposite  in 
direction  to'  the  angle  of  slope  of  the  strand.  The  effect  upon  the 
rope  construction  is  to  make  the  wires  on  the  exposed  periphery 
of  cable  take  an  axial  direction.  The  cable  by  this  construction 
is  most  effective  in  developing  the  highest  flexural  efficiency  of 
the  wires  as  well  as  the  highest  efficiency  for  abrasive  resistance. 
The  axial  direction  of  the  wires  upon  the  periphery  of  cable  is 
well  shown  in  cuts  of  American  cables  of  the  types  here  consid- 
ered. It  is  also  carried  out  in  the  case  of  the  smaller  6  by  7 
strands  (considered  as  units)  of  the  tiller  rope,  and  most  other 
types,  except  the  Lang  lay  ropes.     (See  Fig.  3.) 

'  Treatise  on  Wire;  Its  Manufacture  and  Usage,  1891. 
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V.  OUTLINE  OF  METHODS  OF  TESTS 
1.  STANDARD  LENGTH  OF  TEST   SPECIMENS 

In  making  a  tensile  test  of  a  cable  in  such  a  way  as  to  best 
approximate  actual  sers'ice  conditions,  it  is  desirable  as  far  as 
practicable  to  eliminate  the  local  effects  of  the  end  connections  in 
the  testing  machine,  even  more  so  than  is  commonly  required  in 
tests  of  the  other  materials  of  construction.  If  an  indefinite 
length  of  specimen  were  possible  in  making  a  test,  it  would  un- 
doubtedly give  test  results  more  comparable  with  the  conditions 
of  practice.  Some  engineers,  indeed,  have  advised  that  the  length 
for  tests  shall  be  from  25  to  100  feet.  Such  lengths  are  impracti- 
cable, not  only  on  account  of  the  additional  costs  for  materials, 
but  also  because  of  the  limited  heights  of  the  testing  machines 
and  the  difficulty  in  handling  and  preparing  specimens.  The 
practical  importance  of  long  lengths  is  believed  to  be  overesti- 
mated. 

The  length  chosen  for  a  standard  in  these  tests  is  6  feet  8  inches 
(80  inches).  Experience  has  shown  that  this  length  is  quite  ade- 
quate to  meet  the  practical  considerations  of  cost,  ease  of  han- 
dling, and  the  general  conditions  imposed  by  the  tests.  In  view 
of  the  factors  of  uncertainty  which  enter  and  are  incident  to  the 
difficulties  experienced  in  rigorously  stating  the  mechanics  of  a 
helical  strand  resting  upon  a  partially  elastic  rope  core,  it  will  be 
evident  that  great  refinement  in  this  respect  is  inexpedient. 

2.  PREPARATION  OF  CABLES  FOR  TENSILE  TESTS 

In  making  a  tensile  test  it  is  essential  that  the  specimen  shall 
be  free  from  bends.  A  flat  cur\-ature  to  the  specimen,  while  in- 
significant as  regards  the  tensile  strength,  will  effect  elongation 
determinations  during  the  earlier  loads  appreciably.  Such  imper- 
fect cables  have  been  discarded  in  elongation  tests.  Another  im- 
portant point  in  preparation  of  the  specimen  is  that  the  force  shall 
be  applied  axially  and  that  there  shall  be  no  lost  motion  due  to 
relative  slipping  of  wires  or  strands  in  the  sockets.  Indeed,  if 
such  were  the  case,  there  would  not  be  a  uniform  distribution  of 
the  load  among  the  different  strands. 

Zinc  sockets  were  used  in  making  the  tests.  The  wires  slip  when 
babbitted  sockets  are  used  at  loads  as  low  as  25  per  cent  of  the 
maximum  strength.  In  preparing  the  cable  for  socketing,  the 
ends  are  first  "serv^ed"  or  wound  for  about  ij^  inches  with  soft 
wire  (one-eighth  inch  "clothesline"  rope  was  used)  at  the  ends 
and  at  a  distance  from  the  ends  equal  to  the  length  of  the  zinc 
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Fig.  3. — Typical  fractures  of  u  ire  ropes  of  Ij^  and  I'j  <  inches  diameters 
The  zinc  has  been  melted  from  the  end  sockets  to  show  ■■brooming"  of  wires  in  preparing  a  test  specimen 
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socket.  In  the  present  tests  the  length  varied  from  5  to  9  inches 
in  a  range  of  diameters  of  one-fourth  to  1J2  inches.  Special 
attachments  were  used  on  the  few  cables  over  i  X  inches  in  diame- 
ter tested  in  the  Emerj'  machine.      (See  note  5,  p.  20.) 

After  the  cables  were  served  as  described,  they  were  slipped 
through  wedge-shaped  cast-steel  blocks,  which  acted  later  not 
only  as  molds  for  the  zinc  surrounding  the  unraveled  wires  and 
forming  the  sockets  but  also  as  pulling  blocks  when  these  were 
inserted  in  the  wedge-shaped  opening  in  the  heads  of  the  testing 
machine.  (See  Fig.  6.)  Solid  blocks  were  used  on  the  cables 
above  seven-eighths  inch  in  diameter.  Split  blocks  were  used  for 
convenience  on  the  smaller  cables. 

After  the  blocks  were  placed  on  a  cable,  the  specimen  was 
clamped  in  a  vise,  the  ser\'ing  wire  was  removed  at  the  ends,  and 
the  strands  and  wires  were  opened  or  frayed  out  as  far  as  the 
second  ser\dng.  The  rope  core  was  removed  in  a  distance  equal 
to  the  length  of  the  socket.  The  individual  wires  were  thoroughly 
cleaned  with  waste  and  the  free  use  of  gasoline  and  were  then 
carefully  wiped  to  insure  their  freedom  from  the  least  amount 
of  oil  which  might  occasion  a  slipping  of  the  wires  in  the  zinc.  In 
some  cases  the  frayed  portions  were  dipped  in  a  pail  of  caustic-soda 
solution.  This  is  not  necessary  when  the  lubricant  is  carefully 
removed  and  the  wires  are  thoroughly  cleaned.  A  large  number 
of  the  wires  are  often  bent  back  on  themselves  at  the  ends  for  an 
inch  or  two  to  insure  a  good  bond  in  the  zinc.  This  was  not  done 
on  the  cables  of  Fig.  3. 

Commercial  spelter  was  ^z^^ 
heated  m  'the  small  crucible 
furnace  shoAvn  in  Fig.  4,  the 
temperature  being  sufficient  to  sr,<^ 
give  a  good  degree  of  fluidity. 
It  must  not  be  too  hot ;  other- 
wise the  outer  wires  in  contact 
with  the  m'olten  spelter  have 
their  strength  impaired  by  the 
heat.  This  makes  it  difficult 
in  secm-ing  the  best  results  in 

testing  the  one-fourth  inch  di-  Fig.  4.— Furnace  and  crucible  for  melting  zinc 

ameter  specimens  on  account  for  cable  sockets 

of  the  annealing  effect  on  the  small  wires.    The  number  of  fractures 

at  the  sockets  is  usually  a  maximum  for  small-diameter  cables. 
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In  pouring  the  molten  zinc  into  the  cone-shaped  cavity  of  the 
block  containing  the  frayed-out  wires,  a  special  alignment  frame, 
as  shown  in  Fig.  5,  was  used.  The  cable  was  made  truly  axial 
with  the  testing  blocks,  a  small  ring  of  fire  clay  was  added  to 

prevent  seepage  of  molten 
metal  at  the  base  of  block, 
and  the  zinc  was  ladled  as 
rapidly  as  possible  to  in- 
sure a  imiformly  cast  con- 
ical socket.  The  frayed- 
out  portions,  after  zinc  has 
been  melted  off,  is  well 
shown  in  Fig.  3. 

3.  METHODS  OF  TESTING 

]Most  of  the  smaller-size 
cables  of  diameters  from 
one-fourth  to  seven-eighths 
inch,  inclusive,  were  tested 
^  in  a  100  000-pound  Olsen 
machine.  A  few  of  these 
were  tested  in  a  600  000- 
pound  Olsen  machine,  to- 
gether with  the  remaining 
cables  varA'ing  in  diameters 
from  I  to  ij^  inches,  in- 
clusive. The  cables  of  di- 
ameters greater  than  i^ 
inches  were  tested  in  the 
I  150  ooo-pound  Emery 
machine  of  the  Bm-eau  at 
Washington.^ 

A  diagrammatic  sketch 
of  a  cable  in  position  in  the  600  ooo-pound  machine  is  given  in 
Fig.  6  to  indicate  the  methods  piu-sued  in  making  tests.  This  is 
also  typical  of  the  method  used  with  the  100  ooo-pound  ma- 
chine, except  that  the  split  blocks  were  used,  as  previously 
described,  for  convenience  in  handling  and  inserting  the  speci- 
mens in  the  machine. 

Power  was  applied  at  the  slower  speeds  during  the  earlier 
loadings.  This  gives  an  opportunity  for  the  strands  and  wires 
to  properly  bed  upon  one  another  during  the  application  of  the 

^  A  descriptioa  of  the  methods  of  preparation  and  tests  of  the  cables  of  2  to  jK'inch  diameters  is  given 
in  Engineering  Record,  74.  p.  Si;  July  is.  1916. 


Fig.  5. — Alignment  apparatus 
The  specimen  is  clamped  as  shown  and  molten  zinc  poured 
into  mold  at  upper  end.    The  finished  socket  is  shown  at 
lower  end 
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loads.  The  speed  was  decreased  a  little  after  the  earlier  loadings. 
The  power  was  then  removed,  when  strain  measurements  were 
taken.     Proximity  to  the  breaking  load  was  usually  indicated 


'ZZZZZZ^ZZZZZZZl 


FjG.  6. — Sectional  view  showing  arrangement  of  specimen  in 
the  testing  machine 

slightly  in  advance  by  the  snapping  of  a  few  of  the  interior  wires, 
which  were  accompanied  by  sharp  metallic  reports.  This  was 
soon  followed  by  the  fracture  of  several  strands  of  a  specimen. 
Characteristic  fracttnes  are  shown  in  the  group  of  i^^  by  6  by  19 
plow-steel  cables,  shown  in  Fig.  3. 

VI.  DISCUSSION    OF    THE    RESULTS    OF    TENSILE    TESTS 

OF   CABLES 

1.  ANALYSIS   OF   OBSERVED   MAXIMUM  LOADS      • 

The  maximum  loads  recorded  on  the  beam  of  the  testing 
machine  are  given  for  each  cable  in  Tables  3  to  13.  The  arith- 
metical means  of  these  loads  for  each  group  of  specimens  are 
shown  in  the  tables,  and  have  been  platted  in  Fig.  7  as  functions 
of  the  diameters  of  the  cables. 
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The  maximum  loads  are  quadratic  functions  of  the  diameters, 
and  the  relations  which  exist  may  be  expressed  by  simple  empi- 
rical equations  of  the  form  L  =  CSD^,  where  L  represents   the 


J)/ar?7e/ers   a/  CcfJf/es 

Fig.  7. — Relative  strengths  of  cables  of  different  types  and  diameters 
The  values  indicated  by  the  small  circles  are  the  averages  of  results  given  in  Tables  3  to  i.-,  inclusive 

observed  maximum  load,  S  =  the  load  %Yhich  a  6  by  19  plow  steel 
of  I  inch  in  diameter  will  sustain,  D  is  the  diameter  of  the  cables, 
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and  C  is  a  parameter  varying  for  the  groups,  but  nearly  constant 
for  any  one  group.  Let  it  be  conceived  that  the  loads  from  each 
individual  test  for  the  6  by  19  plow-steel  group  are  platted  as 
functions  of  the  diameters  after  the  manner  of  Fig.  7,  but  all  the 
observ^ations  being  included.  The  mean  curves  already  shown 
in  the  figure  will  trace  a  central  path  through  the  zone  comprising 
the  observations.  The  lower  frontier  of  this  field  is  defined  by 
the  minimum  results  recorded  for  each  test,  and  may  be  analyti- 
cally expressed  by  the  equation  L  =  C  75  000  D^.  The  parameter 
C  will  vary  from  0.9  to  i .  i ,  and  has  a  mean  value  of  approximately 
luiity. 

If  the  other  groups  are  similarly  platted,  the  lower  frontiers  of 
the  8  by  19  plow  steel  and  the  6  by  19  crucible  cast-steel  groups 
will  be  expressed  fairly  well  by  the  same  equation,  but  C  varies 
from  0.80  to  1. 00,  with  a  mean  value  of  about  0.85.  In  the  case 
of  the  guy  and  tiller  ropes  C  varies  from  0.3  to  0.45,  with  a  mean 
value  of  approximately  0.35. 

These  equations  show  that  the  proportionate  minimum  strengths 
of  the  different  groups  are  approximately  in  the  ratios  of 
io:8X:8X:3K-3/2-  The  probable  load  which  a  cable  will 
carry,  as  expressed  bj^Fig.  7,  will  be  about  5  to  12  per  cent  higher 
than  the  minimum  values  recorded ;  in  other  words,  the  values  C 
will  need  to  be  increased  approximately  these  amounts. 

The  strengths  called  for  in  the  specifications  and  the  1910 
standard  strengths  of  the  manufacttu-ers  agree  quite  closely,  as  a 
rule,  with  the  minimum  values  observed,  which  define  the  lower 
frontiers  of  the  groups.  Accordingly,  if  it  is  desired  to  insure  that 
the  maximiim  load  a  cable  of  the  classes  given  sustains  shall  not 
fall  below  a  certain  limit,  that  limit  is  expressed  fairly  well  by  the 
Isthmian  Canal  specifications  or  the  standard  strengths  of  the 
manufacturers.  If,  on  the  other  hand,  it  is  desired  to  obtain  an 
estimate  of  the  probable  load  that  cables  of  this  classification  will 
carry,  it  will  usually  be  somewhat  in  excess  of  the  standard 
strengths,  as  a  rule,  say,  about  10  per  cent.  In  other  words,  the 
standard  strengths  are  conservative  and  cover  the  standard  types 
of  steel.  The  higher  mean  strengths  of  the  cables  are  influenced 
partly  by  the  fact  that  improved  steels  have  been  used  by  cer- 
tain manufacturers  in  several  cases  in  meeting  the  provisions  of 
the  specifications.  The  maximum  loads  above  the  means  may 
indicate  the  presence  of  superior  plow  and  crucible  steels,  or  they 
may  be  fortuitous,  simply  high  values  for  the  standard  steels. 
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The  equations 

i=o.9  to  I.I ;  6  by  19  plow  steel 
=  0.8  to  i.o;  6  by  19  crucible,  8  by  19  plow 
=  0.3  to  0.45;  6  by  42  tiller,  6  by  7  guy 

should  be  considered  to  have  the  limitations  of  empirical  formulae, 
but  they  are  useful  in  expressing  the  test  results  of  a  large  amount 
of  experimental  data  in  a  relatively  small  compass  for  the  approxi- 
mate general  estimation  and  designing  purposes  of  engineers. 
Table  2,  following,  shows  the  relation  of  the  loads  calculated  by 

TABLE  2.— Relation  of  Observed  Breaking  Loads  of  6  by  19  Plow-Steel  Cables  to 
1910  Standard  Strengths  and  the  Formula  L=C  75  000  D^ 


Diameter, 

in  inches, 

D 

standard 
strengths- 
Isthmian 
Canal 
specifica- 
tions, in 
pounds 

Formula 

L=C  75  000  Z)2 

C=l 

Obserred  breaking  loads  from  tests 

First  and 
second 
mini- 
mums 

Maii- 
mums 

Mean 

K 

5300 

4680 

5250 
5610 

5970 

5610 

'A 

11500 

10  550 

10  600 
12  150 

13  000 

12  140 

Vi 

20  000 

18  750 

17  900 
17  930 

20  600 

18  680 

H 

31000 

2J300 

29  550 
29  940 

33  990 

32  760 

H 

46  000 

42  200 

43  500 

44  210 

52  620 

47  920 

U 

53  000 

57  400 

56  570 
53  650 

72  300 

65  800 

1 

76  000 

75  000 

75  710 

76  270 

76  000 

> 
94  000 

94  900 

76  270 

116  000 

117  000 

108  000 

164  800 

128  800 

119  000 

164  000 

168  750 

148  000 

233  280 

193  940 

163  500 

the  formula  to  the  standard  strengths  and  the  results  of  tests  in 
the  case  of  the  6  by  19  plow-steel  cables  as  given  in  Tables  3  to 
12.  The  first  figure  in  the  column  of  "minimums"  gives  the 
lowest  breaking  loads  observed,  while  the  second  figure  records 
the  next  to  the  lowest  loads.  The  values  as  given  by  the  formula 
agree  quite  closely  with  the  standard  strengths  and  the  lowest 
breaking  loads  recorded  fdir  the  tests.  The  minimum  breaking 
loads  recorded  for  the  i^^  and  i  '^  inch  diameters  are  believed  to 
be  abnormally  low.     The  second  figures  in  the  scale  of  observed 
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values  are  believed  to  be  more  representative  of  the  minimum 
strengths  of  these  cables  and  are  in  closer  agreement  v/ith  the 
standard  strengths  and  the  specifications. 

TABLE  3.— Tensile  Strengths  of  K-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fac- 
turer 

Type  ol  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maiimum  load 

Number 

of  strands 

broken 

In 

body 

At 

sock- 
et 

1.... 

M-4.. 
M-4.. 

M-4.. 

Swedish  iron.. 

Galvanized 

steel 
do 

Light  hoist 

Guys,  rigging.. 

do 

6  by  19 
6  by    7 

6  by    7 

Inch 

H 

M 

Inch  2 

0.0174 

Pounds 

2920 

Lbs./in.2 

167  800 

4 
4 

4 

2.... 
3.... 

.0206 
.0259 

1400 
1880 

67  970 
72  700 

Mean 

.023 

1640 

70  335 

M-4.. 
M-4 

Swedish  iron.. 
.   ...do 

Boat  tiUers,  etc. 
do 

6  by  42 
6  by  42 
6  by  42 
6  by  42 

A 

4 

4.... 

.0160 
.0179 
.0160 
.0141 

2240 
2340 
2440 
2150 

139  800 
130  700 
152  500 
152  470 

6 

6.... 
7.... 

M-4.. 
M-4.. 

do 

do 

do 

do 

4 

4 

.016 

2293 

143  868 

M-4.- 

M-4.. 
M-4.. 

Crucible   cast 
steel 

do 

do 

Light  hoist 

do 

do 

6  by  19 

6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 

Vs 
H 
Vs 
Vs 

y, 

H 

3 
2 

8.... 

'••■• 

10... 

.0232 

.0228 
.0229 
.0229 
.0229 
.0259 
.0259 
.0259 

4650 

4430 
4490 
4350 
4200 
5230 
5610 
5350 

200  400 

194  300 

195  100 
190  000 
183  400 
202  000 
216  500 
206  600 

4 

11 

M-4.. 

do 

do 

3 

12.-.. 
13.... 
14.... 
15 

M-4.. 
M-4.. 
M-4.. 

do 

do 

do 

rdo 

do 

do 

do 

do 

3 

1 
6 

Mean 

.024 

4790 

198  663 

M-10. 
M-10. 
M-9.. 

Plow  steel 

do..., 

do 

Light  hoist 

do 

do 

6  by  19 
6  by  19 
6  by  19 

y» 

H 
H 

:::::: 

16.... 

17.... 
18.... 

.0260 
.0260 
.0229 

5610 
5970 
5250 

215  800 
229  600 
229  300 

3 
6 
2 

Mean 

.025 

5610 

224  900 

M-U. 
M-9.. 
M-9.. 

Plow  steel 

do 

do 

Extra  flexible 

do 

do 

8  by  19 
8  by  19 
8  by  19 

ys 

19.... 

.0270 
.0203 
.0202 

4700 
4800 
5780 

174  000 
236  500 
286  200 

20.... 
21.... 

■■■•■■ 

4 
7 

.023 

5093 

232  233 

More  exact  equations  may  be  derived  which  will  fit  the  results 
of  the  obser\'ations  very  closely;  but  they  lack  the  simplicit}'  of 
form  of  the  expressions  which  have  been  given,  and  little  is  to  be 
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gained  bv  exact  expressions  when  the  relatively  large  variations 
which  occur  in  tests  of  this  nature  are  considered. 


TABLE  4.— Tensile  Strengths  of  ?  g-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 

rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Number 

of  strands 

broken 

In 
body 

At 
sock- 
et 

22.... 

M-4.. 
M-1.. 

Swedish  iron.. 
do 

Light  hoist 

Boat  tillers,  etc. 

do 

do 

..do     

6  by  19 

6  by  42 
6  by  42 
6  by  42 
6  by  42 

Inch 

A 

A 
A 
A 

Inch  2 

0.  0605 

Pounds 

4585 

Lbs./in.2 
75  900 

3 
3 

23 

.0388 
.0388 
.0388 
.0388 

4460 
4680 
4140 
4090 

115  000 
120  620 
106  700 
105  410 

2 

24-... 
25 

M-4.. 
M-4.. 
M-4. 

do 

do 

do 

26 

Mean 

.039 

4343 

111  933 

M-4.. 

M-4.. 
M-4.. 

Galvanized 
steel 

do 

do 

Rigging  guys.. 

do 

do 

6  by    7 

6  by    7 
6  by    7 
6  by    7 
6  by    7 
6  by    7 
6  by    7 

A 

A 
A 
A 
A 
A 
A 

2 

2 
3 

2 

3 

27.... 

28.... 
29 

.0556 

.0528 
.0552 
.0552 
.0526 
.0526 
.0526 

3920 

3920 
3990 
4010 
4020 
3780 
3860 

70  500 

74  200 
72  200 

72  600 
76  400 
71900 

73  400 

30 

M^ 

do     

do 

do 

do 

do 

1 

31.... 
32.... 
33.... 

M-1.. 
M-4.. 
M-4.. 

do 

do 

do 

2 

Mean 

.054 

3929 

73  029 

M-4.. 
M-4.. 

Crucible   cast 

steel 
do 

Hoisting 

do 

6  by  19 
6  by  19 

H 
H 

34.... 
35.... 

.0563 
.0567 

10  270 
10  320 

182  400 
182  000 

4 
3 

Mean 

.057 

10  295 

182  200 

M-4.. 
M-4.. 
M-4.. 
M-4.. 

Plow  steel 

do 

do 

do 

Hoisting 

do 

do 

do 

6  by  19 
6  by  19 
6  by  19 
6  by  19 

A 
A 
A 
A 

36.... 

37.... 
38.... 
39.... 

.0654 
.0544 
.0544 
.0577 

12  800 
10  600 

13  000 
12  150 

195  800 
194  900 
239  000 
210  570 

6 
4 
6 

4 

Mean 

.058 

12  138 

210  118 

M-U. 

M-2.. 
M-2.. 
M-9.. 

Plow  steel.... 

do 

do 

Eitra  flesible 

hoist 
.   .  do 

8  by  19 

8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 

A 

A 
A 
A 
A 
A 

40 

.0477 

.0386 
.0508 
.0478 
.0477 
.0477 

9720 

8800 
8510 
10  680 
9600 
9700 

203  500 

228  000 
167  500 
223  400 
201  300 
203  400 

41 



4 

6 
4 

7 

42.... 
43 

do 

...do     .  . 

44 

45 

M-IO. 
M-in 

do 

do 

do 

do 

Mean 

0.047 

9502 

204  517 

Tesis  of  Wire  Rope 
TABLE  5.— Tensile  Strengths  of  J  i-'^ch  Diameter  Steel  Cables 
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General  data 

Observed  mechanical  data 

Serial 

No. 

Manu- 
fac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Number 

of  strands 

broken 

In 

body 

At 
sock- 
et 

Inch 

Inch  2 

Pounds 

LbS.An.2 

46.... 

M-4.. 

Swedish  iron.. 

Boat  tillers,  etc  - 

6  by  42 

A 

0.  0781 

6690 

85  600 

5 

47.... 

M-4.. 

do 

do 

6  by  42 

A 

.0640 

6100 

95  300 

3 

48.... 

M-4.. 

do 

do 

6  by  42 

A 

.0714 

5850 

81900 

3 

49.... 

M-4.. 

do 

do 

6  by  42 

A 

.0597 

6450 

108  100 

3 

50.... 

M-4.. 

do 

do 

6  by  42 

A 

.0641 

6780 

105  800 

1 

.067 

6374 

95  280 

M-4.. 

Galvanized 

Rigging  and 

6  by  7 

H 

51.-.. 

.1010 

7940 

78  500 

2 

steel. 

guys. 

52.... 

M-4.. 

do 

do 

6  by  7 

}i 

.0892 

8000 

89  700 

1 

53 

M-4.. 

do 

6  by  7 
6  by  7 

H 

.0892 

6930 

77  700 

3 

54 

M^.. 

do 

do 

H 

.0998 

7570 

75  950 

3 

Mean 

.095 

7610 

80  463 

M-4.. 

Crucible -cast 

Hoist 

6  by  19 

H 

2 

55.... 

.1050 

18  280 

174  100 

steel. 

56.... 

M-4.. 

-J" 

do 

6  by  19 

H 

.1035 

16  280 

157  300 

1 

57.... 

M-4.. 

do 

do 

6  by  19 

li 

.0971 

18  960 

195  300 

5 

Mean 

.102 

17  840 

175  566 

M-9.. 

Plow  steel 

do 

6  by  19 

A 

4 

58.... 

.1070 

18  340 

171  300 

59.... 

M-9.. 

do 

do 

6  by  19 

A 

.1070 

17  930 

167  50J) 

2 

60.... 

M-9.. 

do 

do 

6  by  19 

A 

.1070 

17  900 

167  200 

2 

61...- 

M-9.. 

do 

do 

6  by  19 

A 

.1049 

18  600 

177  300 

2 

62.... 

M-9.. 

do 

do 

6  by  19 

A 

.1076 

20  600 

191  500 

2 

.107 

18  674 

174  960 

M-11. 

do 

Eitra -flexible 

8  by  19 

A 

63.... 

.0869 

18  320 

211  000 

hoisting. 

64.... 

M-11. 

do 

do 

8  by  19 

A 

.0806 

19  980 

248  000 

7 

65.... 

M-9-. 

do 

do 

8  by  19 

A 

.0882 

16  550 

187  600 

2 

Mean 

.085 

18  283 

215  530 

28  Technologic  Papers  of  the  Bureau  of  Standards 

TABLE  6.— Tensile  Strengths  of  ^-Inch  Diameter  Steel  Cables 


General  data                                                  Observed  mechanical  data 

trial 
'o. 

MaBU- 
lac- 
turer 

Type  ol  steel 

Use  In  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

sec- 
tional 
area 
ob- 
served 

Marimiim  load 

Number 

of  strands 

brolien 

In    1    At 
body  socket 

j 

66.... 

67.... 
68.... 
69 

M-4.. 

M-4.. 
M-4.. 

Galvanized 
steel. 

do 

do 

do 

Rigging  and 
guys. 

do 

do 

do 

6  by  7 

6  by  7 
6  by  7 
6  by  7 

Inch 

H 

a 

Inch  2 

0. 1664 

.1570 
.1616 
.1722 

Pounds 

13  430 

12  950 

12  430 

13  600 

Lbs./in.! 

80  700 

82  500 
76  900 
78  980 

2 
3 
3 

4 

.164 

13  103 

79  770 

M-4.. 

M-4.. 
M-4.. 
M-4.. 
M-4.. 
M-4 

Crucible  -  cast 
steel. 

do 

do 

do 

do 

.do      .  .  .. 

Hoisting  rope.. 

do 

do 

do 

do 

do 

do 

do 

6  by  19 

6  by  19 
6  by  19 
6  by  19  by  6 
6  by  19  by  6 
6  by  19 
6  by  19  by  6 
6  by  19  by  6 

ft 

ft 
ft 

ft 
ft 

ft 
ft 
ft 

,      

3 
2 
1 
2 
3 
4 

70.... 
71.... 

74.... 
75 

.1466 

.1550 
.1570 
.1648 
.1648 
.1626 
.1651 
.1651 

27  170 

26  220 
26  860 

26  830 

27  260 

29  150 
32  020 

30  930 

185  300 

169  000 

171000 
162  800 
165  400 
179  300 
194  000 
187  400 

2 

1 

76.... 
77.... 

M-t.. 
M-4.. 

do 

do 

.160 

28  305 

176  775 

M-1.. 
M-1.. 
M-1.. 

do 

6  by  19 
6  by  19 
6  by  19 
6  by  19  by  6 
6  by  19 
6  by  19  by  6 
6  by  19  by  6 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 

ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 
ft 

3 

3 

1 

2 
3 

1 
4 
3 
3 

4 
4 

3 

78 

.1505 
.1433 
.1433 
.1444 
.1469 
.1677 
.1677 
.1521 
.1621 
.1579 
.1433 
.1579 
.1579 
.1579 
.1579 
.1579 
.  1592 
.1485 
.1485 
.1690 
.1700 
.1601 
.1601 

31  200 
31830 
33  510 
33  940 
35  990 

32  250 

33  290 

29  940 

34  000 
33  260 

33  970 
32  280 

30  350 
31440 

31  390 

32  100 
30  200 
31260 
29  550 

35  960 
35  900 

34  720 

35  230 

207  300 
222  100 
233  800 
235  000 
245  000 
192  300 

198  500 
196  900 

209  400 

210  600 
237  100 
204  400 
192  200 

199  100 

198  800 
203  300 
189  700 

210  500 

199  000 
212  800 

211  200 
216  900 
220  000 

79.... 
80 

do 

do 

do 

do 

do 

do 

do 

1 

81.... 
82.... 
83 

M-2.. 
M-2.. 
M-4 

do 

.....do 

do 

1 
at 

84.... 
85.... 
86.... 
87.... 
88.... 
89.... 
90.... 
91.... 
92.... 
93.... 
94.... 
95.... 
96.... 
97.... 
98-... 
99.... 
100... 

M-4.. 
M-9.. 
M-8.. 
M-2.. 
M-1.. 
M-2.. 
M-2.. 
M-2.. 
M-2.. 
M-2.. 
M-9.. 
M-5.. 
M-5.. 
M-10. 
M-10. 
M-10. 
M-10. 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

"" 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

4 

"6 

4 
5 

3 
2 
3 



3 

1 

.156 

32  763 

210  691 

a  Parts  of  each  strand  unbroken. 
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TABLE  6.— Tensile  Strengths  s-s-Inch  Diameter  Steel  Cables— Continued 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fat- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
ol 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Numl>er 

of  strands 

broken 

In 
body 

At 
socket 

101... 

102... 
103... 
104... 

M-9.. 

M-9.. 
M-9.. 
M-2.. 

Galvanized 
plow  steel. 

do 

do 

do 

Strong  guy 
ropes,  etc. 

do 

do 

do 

6  by  19 

6  by  19 
6  by  19 
6  by  19 

Inch 

U 

H 
H 

Inch  2 

.1590 

.1510 
.1510 
.1432 

Pounds  Lbs./in. 

32  920     207  000 

36  300     240  400 
36  700     243  100 
30  480     212  900 

3 
1 
3 

2 

.151 

34  100     225  850 

M-4.. 

M-4.. 
M-9.. 
M-4.. 
M-4.. 
M-4.. 

Plow  steel 

do 

do 

do 

do 

do 

Extra -flexible 
hoisting  rope. 

do 

do 

do 

do 

do 

8  by  19 

8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19  by  6 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 

H 

Vs 
% 
% 
'A 
% 
% 
% 
% 

y» 

H 

% 

H 

'A 
H 

4 



4 

5 

2 
4 
4 
4 
2 
3 

105... 

106... 
107... 
108... 
109... 
110... 

.1280 

.1070 
.1398 
.1502 
.1381 
.1460 
.1460 
.1240 
.1208 
.1374 
.1460 
.1460 
.1500 
.1500 
.1441 
.1441 
.1317 

24  980     195  200 

29  640     277  000 

30  900     221  000 
30  680     204  300 
30  600     221  600 
29  800     204  100 
29  710     203  500 

24  660     198  900 

25  300     209  400 
25  890     188  400 
27  250     186  800 

27  090     185  500 
29  030     193  530 
29  320     195  470 

28  150     195  300 
27  480     190  700 
27  500     208  780 

1 

4 
2 
5 

4 

111... 
112... 
113... 
114... 
115... 
116... 
117... 
118... 
119... 
120... 
121... 

M-4.. 
M-t.. 
M-t.. 
M-4.. 
M-9.. 
M-9.. 
M-10. 
M-10. 
M-10. 
M-10. 
M-9.. 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

4 
5 

.138 

28  116     204  675 

2.  OBSERVED   MAXIMUM   STRESSES  DISCUSSED 

The  strengths  of  the  cables  may  be  placed  on  a  more  appro- 
priate basis  for  comparison  with  the  strengths  of  their  constituent 
wires  by  considering  the  stresses  which  were  developed.  For  this 
pmpose  the  maximum  loads  were  reduced  to  stresses  by  dividing 
them  by  the  aggregate  cross-sectional  areas  of  the  wires  calculated 
from  micrometer  measurements  of  the  different  diameters  of  the 
wires  in  each  cable  as  has  been  described.  The  results  are  given 
in  Tables  3  to  13  under  the  heading  "Maximum  load,  pounds  per 
square  inch,"  the  arithmetical  means  being  recorded  for  the  dif- 
ferent classes.     It  will  be  found  that  the  mean  value  of  the  maxi- 
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mum  loads  for  a  group  of  cables  having  the  same  diameter,  when 
divided  by  the  mean  crass-sectional  area  of  that  group,  will  agree 
fairly  closely  with  the  mean  of  the  stresses  figured  for  each  indi- 
vidual specimen.  In  lieu  of  precise  knowledge  as  to  the  cross- 
sectional  areas  of  the  cables  given  in  the  tables  of  standard 
strengths  by  the  manufacturers,  the  mean  areas  given  in  Tables  3 
to  i'3  will  be  used.  They  have  been  regrouped  for  reference  in 
Table  i ,  already  given. 


TABLE  7.— Tensile  Strengths  of  ^i-lnch  Diameter  Steel  Cables 


General  data 


Obserred  mechanical  data 


Serial 
No. 


Manu- 
fac- 
tuier 


Type  of  steel 


Use  In  practice 


Strands 
and 
wires 


Diam- 
eter 
of 
rope 
core 


Sec- 
tional 
area 
ob- 
served 


Maximum  load 


Number 

of  strands 

broken 


In 
body 


At 
sock- 
et 


123. 
124... 


Mean 


126. 
127. 
128. 
129. 
130. 
131. 
132. 
133. 
134. 

Mean 

135.. 
136.. 
137.. 
138.. 
139.. 
140.. 
141.. 
142.. 
143.. 
144.. 
145.. 
146.. 
147.. 
14«.. 

Mean 


M-4.. 


M-4. 
M-4. 


Galvanized 

steel. 
do 


Guys.. 


.do.. 


.do. 


6  by  7 

6  by  7 
6  by  7 


M-4. 

M-4. 
M-4. 
M-4. 
M-t. 
M-t. 
M-4. 
M-4. 
M-4. 
M-4. 


Crucible   cast     Hoisting., 
steel. 


6  by  19 


.do., 
.do., 
.do., 
.do., 
.do., 
.do., 
.do., 
.do., 
.do.. 


M-4. 
M^. 
M-4. 
M-2. 
M-1. 
M-1. 
M-4. 
M-9. 
M-8. 

M-10. do.. 

M-10 do.. 

M-10. 
M-9.. 
M-9.. 


Plow  steel.. 

do 

do 

do 

do 

do 

do 

do 

do 


.do., 
.do., 
.do.. 


.do 6  by  19 

.do I      6  by  19 

.do 6byl9by6 

.do 6by  19by6 

.do 6by  19by  6 

.do 6byl9by6 

.do '6bjl9by6 

.do J6by  19by6 

.do j6byl9by6 


Hoisting 6  by  19 

....do 6  by  19 

do I      6  by  19 

do 6byl9by6 

do I      6  by  19 

.do '      6  by  19 

6  by  19  by  6 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 


.do., 
.do., 
.do., 
.do., 
.do., 
.do., 
.do., 
.do.. 


Inch 

A 

A 

A 


Vs 


'A 


Inch  2 

0. 1905 


.2160 
.2160 


.2130 
.2130 
.2486 
.2400 
.2400 
.2405 
.2376 
.2351 
.2351 


.232 


Pounds 

14  190 


24  500 
24  720 


21  137   100  790 


36  610 

37  220 
44  020 
41680 
41880 
43  040 
42  600 
40  560 
42  450 


2350 

48  030 

2180 

43  500 

2155 

49  780 

2176 

46  210 

2063 

45  820 

2329 

52  620 

2387 

46  640 

2174 

44  210 

2315 

46  440 

2322 

49  300 

2322 

48  430 

2322 

45  690 

2262 

51600 

2310 

52  550 

Lbs./in.'i 

74  500 


113  430 

114  440 


171  900 
174  700 
177  100 

173  700 

174  500 
179  080 

179  300 

172  500 

180  600 


40  906   176  280 


204  400 

199  400 
231  000 
212  400 
222  100 
225  900 

195  400 
203  400 

200  600 
212  300 
208  700 

196  700 
228  100 
227  500 


.226    47  916  1  211  993 
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TABLE  7. — Tensile  Strengths  of  '^-Inch  Diameter  Steel  Cables— Continued 


General  data 

Observed  mecpanical  data 

Serial 

Manu- 
fac- 
turer 

Type  ol  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Number 

of  strands 

broken 

In    1    At 
body  socket 

Inch 

Inch' 

Pounds 

Lbs./in.' 

149... 

M-4.. 

Plow  steel  ... 

Extra  fiezible 
hoisting  cable. 

8  by  19 

'A 

0.1780 

38  530 

216  500 

4 

150... 

M-9.. 

do 

do 

8  by  19 

% 

.2065 

42  730 

206  900 

4  1 

151... 

M-4.. 

do 

do 

8  by  19 

H 

.2047 

37  560 

183  500 

2' 

152... 

M-4.. 

do 

do 

8  by  19 

H 

.2047 

36  980 

180  300 

3  ! 

153... 

M-4.. 

do 

do 

8  by  19  by  6 

Vs 

.2224 

45  300 

203  500 

2    

154... 

M-t.. 

do 

do 

8byl9by6 

H 

.2224 

44  290 

198  900 

4    

155... 

M-4.. 

do 

do 

8byl9by6 

'A 

.1988 

36  330 

182  800 

3 

156... 

M-4.. 

do 

do 

8byl9by6 

Vs 

.2215 

41950 

189  400 

4    

157... 

M-9.. 

do 

do 

8  by  19 

H 

.2200 

36  900 

167  700 

1    

158... 

M-9.. 

do 

do 

8  by  19 

H 

.2200 

36  495 

165  800 

3    

159... 

M-10. 

do 

do 

8  by  19 

M 

.2078 

39  630 

190  700 

j          1 

160... 

M-10. 

do 

do 

8  by  19 

ys 

.2078 

39  830 

191  700 

2    

161... 

M-9.. 

do 

do 

8  by  19 

H 

.2120 

44  270 

208  800 

'          5 

162... 

M-10. 

do 

do 

8  by  19 

'A 

.2104 

38  900 

184  890 

ll 

163... 

M-10. 

do 

do 

8  by  19 

'A 

.2104 

41720 

198  290 

3i 

164... 

M-10. 

do 

do 

8  by  19 

'A 

.2104 

42  580 

202  380 

I           2 

165... 

M-10. 

do 

do... 

8  by  19 

'A 

.2104 

41560 

197  530 

3 

.210 

40  322 

192  329 

M-4.. 

Plow  steel 

Steam  shovel, 

6  by  37 

r» 

166... 

.2080 

48  450 

232  900 

4 

etc. 

167... 

M-6.. 

do 

do 

6  by  37 

H 

.2350 

37  720 

160  500 

3 

.221 

43  085 

196  700 

) 

The  observed  maximum  stresses  for  each  class  of  cables  have 
been  platted  in  the  upper  cur\-es  erf  Figures  8,  9,  and  10.  The 
lower  curves  give  the  standard  strengths  of  the  manufacturers  (or 
those  of  the  specifications) ,  divided  by  the  mean  sectional  areas  as 
given.  It  will  be  seen  that  there  is,  in  general,  an  approximate 
parallelism  of  the  two  sets  of  curves.  This  indicates  that  there 
is  a  certain  correspondence  between  the  tests  described  and  those 
made  by  the  manufacturers'  committee.  The  depressions  and 
ridges  of  one  set  of  curves,  for  example,  generally  correspond  w' ith 
those  of  the  other.  The  fact  that  the  curx'e  for  the  tests  of  the 
I -inch  tiller  ropes  falls  below  the  curve  of  the  manufacturers  is 
doubtless  explained  by  the  fact  that  only  two  cabl-es  were  avail- 
able to  the  experimenters  for  tests,  and  the  mean  value  platted 
is  probably  not  truly  representative. 
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1  _ 

4  S  4  '  '4 

Fig.  8. — Relation  of  maximum  stresses  io  diameters  of  cables 

THe  upper  curves  are  plats  of  the  averages  given  in  Tables  3  to  12,  inclusive.  The  lower  curve 
for  guy  rope  gives  the  minimum  strengths  required  by  the  Isthmian  Canal  Commission's 
specifications  of  1912,  these  being  slightly  lower  than  the  manufacturer's  standard  strengths 
of  1910  for  iron  guy  rope.  The  lower  curve  for  the  tiller  rope  gives  the  strengths  mentioned 
by  one  of  the  manufacturers  for  iron  tiller  rope,  the  minimima  strengths  of  the  Canal  Com- 
mission not  being  specified 
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Fig.  9- — Relation  of  maximum  stresses  to  diameters  of  cables 

The  upper  curves  are  plats  of  the  averages  given  in  Tables  3  to  12,  inclusive.  The  lower  curve 
of  the  plow-steel  cables  gives  the  miaimum  strengths  required  by  the  Isthmian  Canal  Com- 
mission's specifications  of  1912,  these  being  identical  with  the  manufacturers'  standard 
strengths  of  1910.  The  lower  curve  of  the  crucible  cast-steel  cables  gives  the  manufacturers* 
standard  strengths  of  1910,  the  Canal  Commission's  specifications  not  calling  for  this  steel 

89783'='— 19 3 
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General  data 

Observed  meclianical  data 

Serial 

No. 

Manu- 
fac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Marimum  load 

Number 

of  strands 

broken 

In 
body 

At 
sock- 
et 

168... 

169... 
170... 

M-4.. 

M-4.. 
M-4.. 

Galvanized 
steel. 

do 

do 

Rigging  and 
guys. 

do 

do 

6  by  7 

6  by  7 
6  by  7 

Inch 

A 

A 
ft 

Incli! 

0.2540 

.2730 
.2730 

Pounds 

22  410 

30  230 
29  830 

Lbs./in.' 

84  900 

110  730 
109  270 

3 

2 

1 

.270 

27  490 

101  633 

M-4.. 

M-4.. 
M-4.. 
M-4.. 
M-4.. 
M-».. 

Crucible  -  cast 
steel. 

do 

do 

do 

do 

do 

Hoisting 

do 

do 

do 

do 

6  by  19  by  6 

6  by  19  by  6 
6  by  19  by  6 
6  by  19  by  6 
6  by  19  by  6 
6  by  19 

A 
A 

A 
A 
A 

6 

1 
3 
2 
2 

171... 

172... 
173... 
174... 
175 

.2734 

.2750 
.3001 
.2867 
.2912 
.3000 

48  350 

48  150 
56  000 
52  650 
52  010 
52  560 

176  900 

175  100 
186  700 
183  700 
178  600 
175  200 

2 

176... 

do 

.288 

51620 

179  367 

M-10. 
M-10. 
M-10. 
M-10. 

ivi-io. 

M-10. 
M-10. 
M-10. 
M-.9. 

Plow  steel 

do 

do 

do 

do 

do 

do 

do 

do 

Hoisting 

do 

do 

do 

do 

do 

do 

do 

do 

6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 
6  by  19 

!2 

M 

H 
■2 
•2 
Vi 

3 
3 

2 
3 
3 

4 

177... 
178... 
179... 
180... 
181... 
182... 
183... 
184... 
185... 

.3291 
.3291 
.3223 
.3223 
.3290 
.3290 
.3290 
.3290 
.3081 

66  720 

66  880 
58  650 
56  570 

67  350 
71550 

65  920 

66  250 
72  300 

202  600 

203  200 
181  900 
175  500 

204  710 
217  480 

200  360 

201  370 
234  700 

3 

1 

4 

.325 

65  799 

202  424 

M-4.. 
M-4.. 
M-4.. 
M-4.. 
M-10. 
M-10. 
M-10. 
M-10. 
M-9.. 
M-9.. 

Plow  steel 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Hoisting 

do 

do 

do 

do 

do 

do 

do 

do 

do 

8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 
8  by  19 

a 

H 
H 

}i 

'A 
H 

J-2 

3 

186... 

.2563 
.2792 
.2792 
.2792 
.3110 
.3110 
.3100 
.3100 
•  .2776 
.2647 

52  560 
54  020 
56  660 
54  210 

64  480 
67  620 

65  160 
61380 

54  700 

55  550 

205  100 

193  600 
202  800 

194  200 
207  400 
217  500 
210  200 
198  000 
197  100 
209  900 

188 

189 

190... 
191... 
192... 
193... 
194... 
195... 

4 
4 
4 

4 

1 
4 

.288 

58  634 

203  580 

M-10. 

Plow  steel 

Steam  shovel, 
etc. 

6  by  37 

}i 

4 

196... 

.3260 

75  010 

230  100 
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TABLE  9.— Tensile  Strengths  of  1-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fac- 
tuier 

Type  ol  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Number 

ol  strands 

broken 

In 
body 

At 

sock- 
et 

Inch 

Inch! 

Pounds 

Lbs../in.' 

197... 

M-1.. 

Swedish  Iron. . 

Boat  tillers... 

6  by  42 

A 

0.2710 

17  230 

63  600 

3 

198... 

M-1.. 

do 

do 

6  by  42 

A 

.2323 

17  450 

75  100 

4 

Mean 

.252 

17  340 

69  350 

M^.. 

Galvanized 

Rigging  guys, 

6  by    7 

A 

1 

199... 

.«50 

27  810 

61200 

steel. 

etc. 

200... 

M-t.. 

do 

do 

6  by    7 

A 

.3170 

24  800 

78  200 

2 

201... 

M-4.. 

do 

do 

6  by    7 

A 

.3499 

27  030 

77  250 

3 

202... 

M-10. 

do 

do 

6  by    7 

A 

.3640 

40  800 

112  000 

3M 

Vtunn 

.371 

30  120 

82  163 

M-4.. 

Crucible   cast 

Hoisting 

6byl9by6 

A 

203... 

.3815 

69  770 

182  163 

1 

steel. 

204... 

M-4.. 

do 

...do 

6byl9by6 
6byl9by6 

A 
A 

.3720 

66  640 

179  100 

1 

205... 

M-4.. 

do 

do 

.3951 

70r50 

179  100 

2 

206... 

M-2.. 

do 

do 

6  by  19 

A 

.3970 

59  130 

148  900 

3 

Mean 

.386 

66  573 

172  500 

M-9.. 

Plow  steel 

Hoisting 

6  by  19 

^8 

3 

207... 

.415 

75  710 

182  300 

208... 

M-9.. 

do 

do 

6  by  19 

H 

.415 

76  270 

183  800 

2 

Mean 

.415 

75  990 

183  050 

M-4.. 

Plow  steel 

Eitra  fleiible 

8  by  19 

A 

209... 

.3330 

59  110 

177  400 

3 

hoisting. 

210... 

M-4.. 

do 

do 

8  by  19 

A 

.3560 

66  330 

186  300 

3 

211 

M-4 

do    .  . 

do  .. 

8byl9by6 
8  by  19 

A 
A 

.3810 

80  530  ^    211  500 

4 

212... 

M-1.. 

do 

*o 

.3280 

62  150 

189  500 

3 



213... 

M-n. 

do 

do 

8  by  19 

A 

.3353 

71120 

212  000 

3 

214... 

M-11. 

do 

do 

8  by  19 

A 

.3353 

73  660 

219  700 

4 

215... 

M-IO. 

do 

do 

8  by  19 

A 

.3750 

78  470 

209  250 

4 

216... 

M-10. 

do 

d« 

8  by  19 

A 

.3809 

T4  590 

196  000 

2 

Mean 

.353 

70  751 

200  206 

1 

Median  curves  (not  shown  in  the  figures)  may  be  conceived  to 
be  drawn  in  such  a  way  as  to  balance  the  "cuts"  and  "fills"  of 
the  serrated  cun'es  in  the  manner  of  fixing  a  railroad  grade. 
These  cur\'es  will  correspond  more  approximately  with  least- 
square  adjustments  of  the  observ^ations.  It  will  be  seen  that  there 
is  a  general  tendency  for  the  maximum  stresses  to  occur  at  the 
smaller  diameters  of  cables,  with  the  exception  of  the  guy  ropes. 
After  diameters  of  about  three-fourths  of  an  inch  are  reached  the 
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average  stress,  as  determined  by  these  median  curves,  becomes 
more  nearly  constant  for  any  particular  type  of  cable.  The 
general  form  of  the  median  curve  is  that  shown  for  the  upper 
curve  drawn  for  the  tiller  rope,  although  the  slopes  are  not  as 
steep.  This  is  also  the  form  of  the  ciu-^-es  giving  stresses  in  wires 
of  different  diameters."  The  smallest  wires  of  a  particular  steel 
develop  the  highest  tensile  stresses.  This  is  commonly  attributed 
to  the  effects  of  wiredrawing.  It  has  been  shown  that  the  diam- 
eters of  the  wires  in  a  cable  are  directly  proportional  to  the  diame- 
ters of  the  cables.  It  may,  therefore,  be  inferred  that  the  higher 
stresses  developed  in  the  smaller  cables  are  due  to  the  greater 
relative  strengths  of  their  constituent  wires.  Since  relatively 
large  wires  are  used  in  the  guy  ropes,  evidence  of  this  character 
is  not  presented. 

TABLE   10.— Tensile  Strengths  of  I'^-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 
area 
ob- 
served 

Maximum  load 

Number 

of  strands 

broken 

In 
body 

At  or 
near 
sock- 
et 

217... 
218... 

M-1.. 
M-1.. 

Galvanized 

iron. 
do 

Rigging     and 

guys. 
do 

6  by    7 
6  by    7 

Inch 

58 

Inch  2 

0.5165 

.4830 

Pounds 

34  010 

34  410 

Lbs./in.! 

65  800 

71250 

2 
3 

.500 

34  210 

68  525 

M-9.. 
M-8 

Galvanized 
steel, 
do... 

Rigging     and 
guys. 
do 

6  by    7 

6  by    7 



3 

1 

219... 
220 

.4990 
.4596 

52  350 
36  650 

104  900 
79  700 

.479 

44  500 

92  300 

M-4.. 

M-4.. 
M-4 

Crucible  cast 
steel. 

do 

do 

Hoisting 

do 

....do 

6byl9by6 

6byI9by6 
6byl9by6 
6byl9by5 
6byl9by6 
6byI9by6 
6byl9by6 

ft 

ft 
ft 
ft 
ft 
ft 
ft 

1 
1 

2 
3 

221... 

222... 
223 

.4435 

..4320 
.4894 
.4512 
.4833 
.4939 
.4763 

79  130 

81560 

78  100 
93  000 
89  300 
77  750 

79  500 

178  400 

188  800 
159  600 
206  200 
184  800 
157  400 
166  900 

1 

224... 

M-1.. 

do 

do 

1 

225... 
226.. 

M-4.. 
M-2.. 

do 

do 

do 

227... 

M-4.. 

do 

do 

1 

.467 

82  620 

177  443 

"  See  report  of  Watertown  Arsenal,  Tests  of  Metals,  p.  347;  1894;  also  Johnson's  Materials  of  Construc- 
tion, 4th  ed.,  pp.  691-692;  1907. 


38  Technologic  Papers  of  the  Bureau  of  Standards 

TABLE   11.— Tensile  Strengths  of  l^-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
tac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
of 
rope 
core 

Sec- 
tional 

area 

ob- 
served 

Maximum  load 

Number 

of  strands 

broken 

In 
body 

At 

sock- 
et 

Inch 

Inch! 

Pounds  I  Lb3./in.2 

228... 

M-4.. 

Crucible -cast 
steel. 

Hoisting 

6  by  19  by  6 

% 

0.6110 

109  030 

178  500 

2 

229... 

M-9.. 

do 

do 

6  by  19 

53 

.6053 

96  140 

158  800 

1 

230... 

M-4.. 

do 

do 

6  by  19  by  6 

H 

.6384 

101  740 

159  400 

1 

231... 

M-4.. 

do 

do 

6  by  19  by  6 

'A 

.6457 

107  350 

166  300 

1 

232 

M-4.. 

do 

do 

6byl9by6 

Vs 

.6511 

107  040 

164  400 

3 

.630 

104  260  i    165  480 

M-2  . 



6  by  19 

233. 

.6020 

108  000       179  700 

1 

234... 

M-3.. 

do 

do 

6  by  19 

.6270 

123  800 

197  400 

3  ' 

235... 

M-1.. 

do 

do 

6  by  19 

A 

.6180 

119  000 

192  700 

2    

236... 

M-«.. 

do 

do 

6  by  19 

A 

.6350 

130  000 

204  800 

2 

237... 

M-7.. 

do 

do 

6  by  19 

A 

.6240 

119  000 

190  400 

1 

238... 

M-4.. 

do 

do 

6  by  19  by  6 

A 

.6590 

126  700 

192  000 

1    

239... 

M-5.. 

do 

do 

6  by  19 

A 

.6220 

125  500 

201  500 

1    

240... 

M-9.. 

do 

do 

6  by  19 

A 

.6277 

130  530 

207  950 

1  ' 

241... 

M-10. 

do 

do 

6  by  19 

A 

.6650 

140  700 

211  580 

1 

242... 

M-10. 

do 

do 

6  by  19 

A 

.6434 

164  800 

236  100 

2 

.632 

128  803 

203  413 

M-10. 

Plow  steel 

EitraSeiible.. 

8  by  19 

=  8 

243... 

.5494 

116  640 

215  000 

3 

3.  ANALYSIS   OF  FRACTURES 

For  the  purpose  of  analysis,  the  fracture  is  stated  to  have  oc- 
curred "at  the  socket"  in  Tables  3  to  13,  where  one  or  more 
strands  break  within  6  inches  of  the  zinc;  otherwise  it  is  said  to 
be  "  in  the  body  "  of  the  cable.  For  the  cables  of  small  diameters 
the  number  of  breaks  at  the  socket  is  somewhat  greater  than  in 
the  body.  This  is  believed  to  be  due  to  the  annealing  action  on 
the  small  wires  by  the  molten  zinc  used  in  socketing  the  ends  of 
the  cables.  In  the  cables  of  larger  diameters,  on  the  other  hand, 
the  greater  number  of  fractures  are  in  the  bodies  of  the  speci- 
mens. It  will  be  seen  that  in  the  case  of  breaks  at  the  socket 
the  maximum  strengths  compare  very  favorably  with  those  in 
the  body  of  the  specimen.  In  those  cases  in  which  all  the  strands 
are  broken,  the  fracture  is  usually  near  the  socket,  whereas  in 
the  body  fractures  two  to  four  are  usually  broken.  It  may  be 
inferred  that  a  fracture   at  the   socket  should  indicate  slightly 
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higher  values  in  general  than  when  the  break  occurs  in  the  body 
of  the  specimen.  The  effects  of  heat  should  be  considered  in  such 
cases. 

TABLE   12.— Tensile  Strengths  of  l^j-Inch  Diameter  Steel  Cables 


General  data 

Observed  mechanical  data 

Serial 
No. 

Manu- 
fac- 
turer 

Type  of  steel 

Use  in  practice 

Strands 
and 
wires 

Diam- 
eter 
ol 
rope 
core 

Sec- 
tional 

area 

ob- 
served 

Maiimmn  load 

Number 

of  strands 

brolien 

In 
body 

At 
sock- 
et 

244... 
245... 
246... 
247... 
248... 
249... 
250... 
251... 
252... 
253... 
254... 
255... 
256... 
257... 
258... 
259... 
260... 
261... 
262... 
263... 
264... 
265... 
266... 
267... 
268... 

M-2.. 
M-4.. 
M-4.. 
M-4.. 
M-2.. 
M-9.. 
M-1.. 
M-8.. 
M-6.. 
M-7.. 
M-4.. 
M-5.. 
M-4.. 
M-4.. 
M-4.. 
M-?.. 
M-2.. 
M-4.. 
M-4.. 
M-2.. 
M-2.. 
M-2.. 
M-1.. 
M-2.. 
M-10. 

Plow  steel 

do 

do 

do 

do 

^° 

do 

do 

"o 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Hoisting,  etc... 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

6  by  19  by  6 

6  by  19  by  6 

6byl9by6 

6  by  19  by  6 

6  by  19 

6  by  19 

6  by  19 

6  by  19 

6  by  19 

6  by  19 

6  by  19 

6  by  19 

6  by  19  by  6 

6  by  19  by  6 

6  by  19  by  6 

06  by  19  by  6 

06  by  19  by  6 

6  by  19  by  6 

6  by  19  by  6 

06  by  19  by  6 

o6  by  19  by  6 

6  by  19  by  6 

6  by  19 

o6  by  19 

6  by  19 

Inch 

H 
H 
H 
H 
H 

!! 

H 
H 
H 
H 
H 
H 
H 

"H 
H 
H 

"H 

H 

"li 

"U 

H 

Inch! 

0.9800 

.9430 

.9430 

.9430 

.8600 

.9030 

.9500 

.9060 

.9730 

.9730 

.9480 

.8880 

.9420 

.9460 

.9380 

1.0620 

1.0620 

.9380 

.9380 

1. 1370 

1. 1370 

1. 0452 

1.1027 

1.1430 

.9230 

Pounds 

211  700 
183  180 
183  440 

189  900 
180  900 
176  500 

188  300 
148  000 

183  000 

184  500 

190  800 
163  500 

195  400 
192  300 

186  860 
200  SCO 

196  200 

187  000 

191  000 
230  260 
233  280 
213  430 
219  560 
230  480 

189  200 

Lbs./in.2 

216  000 
194  300 

194  500 
201  400 
210  000 

195  100 

198  400 
163  500 

188  300 

189  500 

201  000 
184  500 
207  400 
203  300 

199  200 
189  100 
184  800 
199  400 

203  600 

202  500 
205  300 

204  200 
199  100 
201  600 

205  000 

2 
1 
2 

2 

3 
2 

3 
2 
3 
2 
3 
3 
3 
3 
3 
3 
4 
3 

3 

1 
3 

2 
2 

1 
2 

.981 

193  940 

197  640 

o  Special  construction  ?4-inch  diameter  rope  core  witli  6  filler  strands. 

A  comparison  of  the  relative  influences  of  the  type  of  fracture 
in  determining  the  ultimate  strength  of  the  specimen  is  found  by 
regrouping  the  observ^ed  maximum  stresses  according  to  the  two 
types  of  fractures  and  comparing.  Taking,  for  example,  the  one- 
fourth-inch  crucible  cast  steel  cables,  the  values  are  198  900  pounds 
per  square  inch  for  the  body  fractures  and  198  500  pounds  per 
square  inch  for  the  sockets,  the  mean  falling  between.  For  the 
seven-eighths-inch  plow-steel  hoisting  cables  the  corresponding 
values  are  204  953  and  197  367  per  square  inch,  the  mean  for  the 
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set  being  202  424,  etc.  If  a  law  exists,  the  evidence  would  seem 
to  indicate  that  the  variation  attributable  to  the  local  effects  at 
the  end  connections  are  less  than  those  which  may  be  attributed 
to  the  differences  in  the  particular  grades  of  steel  furnished  by  the 
manufacturers  in  meeting  the  provisions  of  the  specifications. 

TABLE   13.— Tensile  Strengths  of  Cables  of  Diameters  2,  2^,  and  3>i  Inches  of 

Plow  Steel 


Genera!  data  <■ 

Observed  mechanical  data 

Se- 
rial 
no. 

Diam- 
eter 

Number  of 
strands 

Wires  in  large 
strands 

Wires  in  small 
strands 

Sec- 
tional 
area 

First 
report  of 

wires 
breaking 

Maiimum 
load 

Number  of 
strands 
broken 

Large 

Small 

Num- 
ber 

Diam- 
eter 

Num- 
ber 

Diam- 
eter 

In 
body 

At 
socket 

269 

270 
271  f> 

272 
273 

Inches 

2 
2 

2'A 
3H 

6 
6 
6 

6 
6 

6 

0 
0 
0 

0 
6 

1  ■: 
;: 

6 
19 

i       6 

25 
6 

Inch 

0.  1285 
.0520 
.1360 
.1890 
.0760 
.1850 
.0760 
.1540 
.1695 
.1285 
.1160 
.1360 
.0995 
.1285 

1    " 

0 

!  " 

0 

9 
10 

Inch 

0.0550 
.0935 

Ins.i 

1.55 
1.65 
3.36 

3.23 
4.61 

4.63 

280  000 
255  000 
540  030 

645  OCO 
735  000 

720  000 

Pounds 

293  000 
304  000 
550  000 

694  000 
866  000 

937  000 

Lbs./in.? 

189  000 
184  200 
163  400 

214  900 
187  900 

202  400 

1 

1 
2 

2 

1 

274 

42 

7 

7 

6 

.0860 
.0820 
.0670 

1 

RESULTS  OF  CHEMICAL  ANALYSES  OF  STEEL 


Serial  No. 

Diameter 

Constituents 

Si 

P 

C 

S 

Mn 

269  c 

Inches 
2 

2 

2?i 

2?4 
3V4. 

3I4' 

Per  cent 

Per  cent 

Per  cent    Per  cent 

Per  cent 

270 

0.172 
.130 
.152 
.160 
.169 

0.024 
.016 
.027 
.033 
.019 

0.90 
.68 

.77 
.58 
.82 

0.034 
.030 
.036 
.032 
.025 

271 

58 

272 

273 

41 

274  d 

a  For  identification  of  manufacturer,  see  "Report  of  Tests  of  Engineering  Record,"  July  15,  1916,  p.  8r. 
For  "Use  in  practice,"  see  abstract  of  specifications  in  Part  I  of  this  paper. 
t  Type  of  steel  not  stated, 
c  There  was  no  analysis  of  this  specimen, 
d  Qualitative  tests  for  vanadium  and  nickel  on  Serial  No.  274  gave  negative  results. 

Most  of  the  wires  failed  with  the  cup-shaped  fractures  common 
in  ordinary  steel  specimens.  The  remainder  failed  with  the  an- 
gular fractures  also  found  for  steel  bars.     While  a  large  number 
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of  the  cables  were  examined  for  the  particular  type  of  wire  frac- 
tures, in  the  opinion  of  the  authors  there  was  no  law  deducible 
for  the  type  of  fracture  of  the  wires.  The  occurrence  of  angular 
fractures  may,  perhaps,  be  due  to  points  of  weakness  in  the  "  skin 
coat"  or  to  planes  of  weakness  of  the  material  which  develop 
under  the  influence  of  shearing  forces  coming  into  play  as  the 
helix  adjusts  itself  in  the  strands. 

4.  ELONGATIONS  AND   REDUCTIONS  IN  DIAMETERS   DISCUSSED 

The  percentages  of  elongation  and  the  reductions  in  the  diame- 
ters under  cumulative  loads  for  about  50  per  cent  of  the  test 
specimens  were  measured  and  are  recorded  in  Tables  14  to  17. 
The  reductions  in  the  diameter  as  the  loads  increased  were  found 
with  a  Brown  &  Sharpe  screw  micrometer  reading  to  0.000 1  of  an 
inch.  It  was  impracticable  to  measure  elongations  with  an  ex- 
tensometer,  as  is  done  with  a  steel  bar,  on  account  of  the  twisting 
of  the  specimens,  which  increases  with  the  load.  This  twisting 
occurs  even  with  very  short  gage  lengths  and  vitiates  results. 
The  elongations  in  these  tests  were  measured  directly  with  a 
graduated  scale  between  two  points  on  a  cable,  usually  80  cms 
apart.  The  elongations  in  inches  were  reduced  to  strains  by 
dividing  by  the  gage  length.  The  results  were  multiplied  by  100 
to  obtain  the  percentages  of  unit  elongation. 

Stress-strain  data  of  the  above  description  are  seldom  published. 
They  are  important  in  the  development  of  the  mechanics  of  the 
cable,  the  laws  of  which  in  the  past  have  been  rather  difficult  to 
formulate  on  account  of  the  comparatively  wide  variations  found 
in  test  results.  The  variableness  in  the  elongations  may  be  noted  in 
the  tables,  even  in  those  cables  of  the  same  size  and  construction. 

In  applying  the  methods  of  the  theory  of  elasticity  to  the 
analyses  of  the  behavior  of  the  materials  of  construction,  it  is 
necessary  to  broadly  differentiate  between  those  whose  structures 
are  heterotropic  (aeolotropic)  and  possess  different  elastic  behav- 
iors in  various  directions,  as  in  the  case  of  fibrous  woods,  and  those 
wliich  are  isotropic,  or  in  which  the  structure  is  elastically  essen- 
tially homogeneous,  as  in  steel.  The  structure  of  a  cable  con- 
sidered as  a  unit  is  relatively  complex  when  the  arrangements 
and  winding  of  its  wires  are  considered.  The  analysis  of  the 
behavior  becomes  simplified,  however,  if  the  load  is  assumed  to  be 
uniformly  distributed  over  the  cross  section  for  practical  pur- 
poses, as  is  done  in  the  case  of  a  steel  bar.  It  will  be  so  treated 
in  the  present  discussion.  The  question  of  the  actual  distribu- 
tions of  stresses  in  the  wires  is  deferred  to  a  later  point  in  the 
analysis  of  test  results. 
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In  the  preliminan'  discussion  with  manufacturers  and  engineers 
relative  to  the  formulation  of  the  program  of  this  research,  it  was 
requested  that  careful  consideration  be  given  to  the  determina- 


.OE  .03  .01  ,0£  .03 

Strain 

Fig.  II. — Typical  i tress-strain  curves 

The  cun'e  at  the  left,  with  the  inflection,  is  more  characteristic  of  the  larger, 
stiffer  specimens;  that  at  the  right,  of  the  smaller,  flexible  specimens 

tion  of  the  modulus  of  elasticity  of  wire  rope.  The  additional 
stress  developed  in  the  wires  when  a  rope  is  bent  over  a  sheave 
depends  on  this  factor.  The  elongation  data  will  be  discussed 
from  this  point  of  view. 
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5.  STRESS-STRAIN   CURVES  AND  MODULI  OF   CABLES 

An  examination  of  the  data  of  Tables  14  to  17  show  that  while 
the  elongation  at  a  certain  load  is  somewhat  variable  for  different 
test  specimens  of  the  same  class,  it  is  closely  proportional  to  the 
load  in  any  particular  cable  for  a  range  up  to  about  two-thirds  of 
the  ultimate  strength.  The  typical  forms  of  the  stress-strain 
curves  are  shown  in  Fig.  1 1 .  The  general  type  of  curve  is  given 
in  the  case  of  the  ij^-inch  plow-steel  cable  of  serial  No.  246, 
where  the  form  on  account  of  the  lateral  stiffness  of  the  specimen 
is  somewhat  exaggerated.  Initial  loads  were  taken,  depending  on 
the  diameter  of  the  cables,  as  are  noted  in  the  tables,  in  order  to 
bring  the  specimens  to  firm  bearings  in  the  testing  machine 
before  measurements  were  made. 

In  the  vicinity  of  the  origin  the  curves  are  in  general  slightly 
convex  to  the  horizontal  axis.  This  portion  of  the  curve  is  charac- 
teristic of  the  curves  for  matters  whose  densities  increase  with  the 
applied  stresses,  as  in  the  case  of  cellular  and  granular  materials. 
In  the  present  tests  it  is  indicative  of  the  fact  that  there  are  initial 
curv^atures  in  the  strands  and  wires  from  the  laying,  these  not 
being  in  the  most  compact  position,  and  probably  a  certain  degree 
of  "  slack  "  or  curvature  in  the  cable  itself.  The  elongation  under 
stress  for  the  lower  loads,  in  other  words,  is  not  wholly  elastic  in 
the  commonly  accepted  sense.  As  the  load  increases  the  strands 
and  wires  bed  more  firmly  upon  each  other  and  upon  the  rope  core, 
so  that  the  parts  are  in  more  intimate  contact.  There  then  occurs 
a  period  of  elastic  behavior,  in  which  the  lower  limit  of  propor- 
tionality is  jiot  very  clearly  defined  on  account  of  the  attendant 
difficulties  in  making  the  measurements.  The  upper  proportional 
limit,  also  not  well  defined,  will  correspond  with  the  proportional 
limit  of  the  steel  in  the  wires,  but  it  will  be  at  a  lower  relative 
height  on  the  curves,  as  a  rule,  than  for  the  wires,  as  there  are 
probably  slight  slippings  and  readjustments  under  stress  still 
occurring  among  the  strands  and  wires.  The  behavior  of  the 
cable,  in  other  words,  on  account  of  its  structiore  is  not  quite  so 
uniform  as  that  of  a  homogeneous  bar,  where  the  structure  of  the 
metal  may  be  assumed  to  be  continuous. 

The  curve  for  the  seven-eighths  inch  crucible  cast  steel  cable, 
serial  No.  171,  shown  in  Fig.  1 1,  is  more  nearly  straight,  since  the 
cable  is  mofe  flexible  and  the  lateral  stiffness  of  the  wires  is  less, 
on  account  of  their  smaller  diameters.  The  contraflexure,  as  a 
rule,  is  not  so  pronounced  in  the  smaller  diameters  of  cables. 
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although  at  times  it  is  still  in  evidence.  The  ciin-e  shown  is  more 
characteristic  of  the  ciir\-es  for  wires. 

When  the  load  is  reduced  from  the  upper  proportional  limit 
back  to  the  initial  point,  the  strain  energy,  which  is  absorbed  in 
stretching,  twisting,  and  bending  the  wires  and  strands,  consider- 
ing them  as  spiral  springs,  is  partially  released.  A  portion  of  the 
total  energy  has  been  transformed  in  permanently  compressing 
the  rdpe  core  and  in  bringing  the  wires  into  a  more  dense  configu- 
ration. The  result  on  reversal  of  the  load  is  apparent  as  a  set. 
A  succession  of  applications  and  reversals  of  the  loads  shcnvs  the 
law  of  diminishing  sets,  the  successive  stress-strain  cur\'es  increas- 
ing somewhat  in  slope.  It  may  be  inferred,  generally  speaking, 
that  the  elasticit}-  of  the  cable  is  improved  by  use  when  the  working 
stresses  are  not  exceeded,  as  is  often  the  case  with  homogeneous 
materials  of  relatively  continuous  structure — for  example,  steel 
and  cast  iron. 

WTien  a  piece  of  a  cable  is  clamped  in  a  vise  and  a  transverse 
force  is  applied  at  one  end,  it  behaves  as  a  straight  flat  spring. 
"ttTien,  however,  the  force  is  removed,  the  specimen  does  not 
return  quite  to  the  unstrained  position.  W^ith  the  application  of 
a  slight  upward  force  it  resumes  and  remains  at  this  position. 
The  operations  may  be  repeated  successively  with  like  results. 
This  shows  that  the  interstitial  frictions  and  the  interactions  of 
the  constituent  wires  are  also  in  part  responsible  for  the  sets. 
The  longitudinal  shearing  stresses  in  a  solid  bar  of  steel  are  not 
thus  overcome,  and  the  modulus  is  correspondingly  much  higher. 

It  was  found  necessary  to  make  an  independent  investigation 
of  Unwin's  modulus,  which  is  employed  when  sets  aje  considered, 
on  account  of  the  complex  character  of  the  phenomena  that  are 
presented  and  the  number  of  reversals  of  loading  which  must  be 
used  in  investigating  the  problem  b}-  purely  static  methods  of 
loading.  Actual  ser\'ice  tests  of  cables  over  sheaves  are  most 
appropriate  for  studying  Unwin's  modulus.  Young's  modulus 
will  be  employed  in  the  following  discussion  of  bending. 

6.  THE  LAW  OF  BENDING 

The  tables  of  bending  stresses  calculated  by  wire-rope  manufac- 
turers when  the  ropes  are  bent  over  sheaves  of  different  diameters 
are  determined  upon  the  assumption  of  elastic  behavior  of  the 
cables.'     The  relation  between  the  bending  couple  and  the  curv'^a- 

'  Ajnericau  Wire  Rope;  1913.    Handbook  issued  by  the  American  Steel  &  Wire  Co.,  p.  32  et  seq. 
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tiire  as  sriven  in  works  on  mechanics  is  -7=^9.  =  -:  M  is  the  bending 
^  hi     r 

couple,  E  is  Young's  modukxs  of  elasticity,  /  is  the  moment  of 

inertia  for  the  cross  section  of  the  cable,  and  r  is  the  radius  of 

ciu-\'ature  of  the  bend.     Let  B  be  the  diameter  of  the  bend,  D  the 

diameter  of  the  cable,  and  /  the  bending  stress  at  the  outer  wires, 

which  are  most  stressed.     The  stress  in  the  outer  wire  varies  as 

in  the  law  of  the  beam,  viz,  /  =  -y   —     There  results  from  these 

'       /     2 

equations  the  expression  for  bending  stress  in  the  cable,  f  =  E^; 

i.  e.,  the  stress  is  proportional  to  the  modulus  and  the  diameter 
of  the  ca^ble.  It  is  inversely  proportional  to  the  diameter  of  the 
sheave.  Accordingly,  the  manufacturers  recommend  as  large  a 
sheave  as  is  consistent  with  mechanical  design.  They  seek  to 
determine  the  upper  limit  of  the  modulus  of  the  cable. 

7.  YOUNG'S  MODULUS   OF   CABLES 

The  modulus  is  the  ratio  of  the  stress  to  the  strain,  taken  within 
the  limit  of  proportionality.  The  loads  given  in  Tables  14  to  17 
were  divided  by  the  areas  of  the  cables  as  given  in  the  table  for 
obtaining  the  stresses.  The  unit  elongations  percentages  as  given 
in  the  table  of  elongations  were  divided  by  100  to  give  the  strains, 
and  the  ratio  of  the  stress  to  strain  calculated.  Three  to  five 
determinations  were  made  in  this  manner  for  each  cable  con- 
sidered. The  total  averages  were  foimd  by  weighting  the  averages 
for  each  particular  cable  by  the  ntunber  of  separate  calculations. 
The  results  are  plotted  in  Fig.  12. 

It  is  seen  from  the  figure  that  in  general  the  modulus  is  some- 
what higher  for  small  diameters  of  cables  than  it  is  for  the  larger 
diameters.  This  may  be  influenced  by  the  fact  that  the  stresses 
in  small  wires  are  higher,  as  has  been  remarked.  It  is  probably 
mainly  due  to  the  fact  that  for  the  small  diameters  of  cables  the 
influence  of  slack  and  initial  curvatures  in  the  cable  strands  and 
wires  is  not  so  pronounced.  The  cables  being  more  flexible  they 
behave  more  as  cords.  Free  elastic  action  is  less  restricted.  The 
lengthening  due  to  the  "straightening  out"  of  ctun^ature  is  not 
as  much  in  evidence  as  for  the  stiffer  specimens. 

A  number  of  tables  of  bending  stresses  have  been  calculated 
upon  the  assumption  that  the  modulus  of  new  wire  rope  does  not 
exceed  12  000  000  pounds  per  square  inch  of  cable  section.^  The 
w 

^  See  Ajnerican  Wire  Rope,  p.  33:  1913. 
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values  of  Fig.  12  indicate  that  this  is  a  conservative  figure.  The 
values  deduced  under  a  series  of  repeated  load  and  impact  tests 
will  probably  increase  the  values  in  the  figure  to  some  extent. 
For  working  stresses  of  one-seventh  to  one-fifth  the  breaking  load, 
it  is  believed,  the  modulus  of  12  000  000  pounds  per  square  inch 
will  insure  a  sufficient  safe  margin  in  the  calculation  of  bending 
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Fig.  12. — Moduli  of  elasticity  for  cables  of  different  types 

and  diameters 

stresses  until  more  detailed  information  can  be  furnished  from 
tests  made  tmder  kinetic  conditions  of  loading,  and  a  study  of 
the  behaviors  of  bending  over  sheaves  in  service  tests  is  possible. 

VII.  QUALITIES    OF    MATERIAL    IN    PLOW-STEEL    CABLES 

In  view  of  the  relative  importance  of  plow  steel  for  hoisting 
rope,  and  the  fact  that  the  larger  number  of  cables  tested  were  of 
this  steel,  a  comparative  analysis  of  the  materials  of  plow-steel 
ropes  furnished  by  different  manufacturers  was  made  as  the  basis 
of  the  investigation.  The  data  given  upon  fibers  and  lubri- 
cants of  rope  corSs  are  doubtless  fairly  representative  of  the  entire 
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series  of  cables.  While  the  chemical  constituents  of  the  steel  will 
vary  in  different  cables,  the  range  of  departures  from  the  mean  of 
the  constituents  is  probably  quite  typical  of  that  which  is  generally 
found  for  cables  of  the  same  class  from  different  manufacturers 
and  similarly  for  the  physical  properties  and  coefficients. 

TABLE   18.— Results  of  Chemical  Analyses  of  Steel  in  6  by  19  Plow-Steel  Cables 

lU-INCH  PLOW-STEEL  CABLES 


Serial 
Ko. 


233 
234 
235 


237 


Manu. 
fac- 
turer 


M-2... 
M-3... 

M-1... 

M-6... 

M-7... 

M-4... 
M-5.-. 


Position  of  wire  in  stranda 


1 

2  and  3 

1,  2,  and  3. 

1 

Zand  3 

1 

2 

3 

1 


3 

1 

2  and  3. 

2K 

1  and  3. 
2 


0.12 
.12 
.015 
.03 
.16 
.18 
.11 
.13 
.17 
.08 
.14 
.14 
.14 
.02 
.16 
.18 


0.053 
.052 
.044 
.044 
.040 
.022 
.023 
.021 
.026 
.031 
.024 
.032 
.032 
.078 
.042 
.034 


.66 
.13 
.82 
.82 
.77 
.75 
.78 
.88 
.75 
.76 
.76 
.17 
.67 
.69 


0.058 
.029 
.078 
.032 
.037 
.032 
.061 
027 
.046 
.048 
.034 
.048 
.048 
.046 
.035 
.027 


0.46 
.55 
.37 
.32 
.31 
.27 
.34 
.39 
.37 
.35 
.33 
.68 
.68 
.39 
.37 
.45 


IH-INCH  STEEL  CABLES 


248 

M-2..- 

249 

M-9... 

250 

M-1... 

251 

M-8.. 

252 

M-6... 

253 

M-7... 

254 

M-4... 

1,2,  and  3. 

1  and  2 

3 

1,  2,-and  3. 

1 

2 

3 

.3 

land  2 

3 

.3 

Iand2 

3 

1 

2  and  3 


0.10 

0.034 

0.77 

0.043 

.19 

.027 

.86 

.058 

.24 

.026 

.96 

.058 

.20 

.026 

.80 

.044 

.17 

.028 

.82 

.063 

.19 

.032 

.73 

.039 

.14 

.029 

.76 

.032 

.23 

.026 

.70 

.048 

.12 

.026 

.81 

.055 

.24 

.033 

.84 

.038 

.21 

.043 

.74 

.040 

.19 

.048 

.65 

.028 

.18 

.035 

.83 

.044 

.16  ■ 

.023 

.74 

.032 

.17 

.028 

.68 

.065 

.089 

.027 

.87 

.057 

.074 

.036 

.85 

.043 

.013 

.099 

.15 

.058 

0.49 
.36 
.48 
.25 
.24 
.28 
.31 
.32 
.33 
.39 
.22 
.24 
.34 
.28 
.25 
.42 
.34 
.36 


"See  Fig.  i  W). 

1.  CHEMICAL  ANALYSES  OF  STEEL 

The  results  of  the  analyses  are  shown  in  Table  i8.  The  steel  for 
the  chemical  tests  was  taken  from  the  wires  of  the  i;4-inch  and 
I  X-inch  cables.     The  wires  selected  for  this  piu-pose  are  designated 
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in  Fig.  I  {d)  by  the  numerals  i,  2,  3,  and  2J2,  i  indicating  the  cen- 
tral wire,  2  the  middle  ring,  3  the  outer  ring,  and  2^4  the  filler 
wires  between  the  second  and  third  rings.  The  serial  numbers  are 
those  of  Tables  11  and  12.  The  percentages  of  silicon,  carbon, 
manganese,  phosphorus,  and  sulphur  as  determined  by  standard 
methods  are  given  in  the  table  and  illustrate  the  grades  of  steel 
used  by  the  different  manufacturers  in  meeting  the  provisions  of 
the  specifications.  These  results  agree  approximately  with  the 
results  of  similar  tests  made  at  the  laboratory  on  plow-steel 
cables  varj-'ing  in  diameters  from  five-eighths  of  an  inch  to  iX 
inches,  but  not  included  in  the  present  series  of  tests.  The  wires 
are  comparatively  low  in  phosphorus  and  sulphur,  except  in  the 
case  of  particular  filler  wires.  The  filler  wires  in  some  cases  have 
less  silicon  and  carbon,  and  the  steel  is  softer  and  more  ductile. 
The  data  from  these  tests  may  be  compared  with  the  tensile, 
torsion,  and  bending  tests  given  later  and  which  were  made  upon 
the  same  lengths  of  wires  taken  from  these  cables. 

2.  QUALITY  OF  FIBER  IN  ROPE  CORES 

The  fiber  of  the  rope  cores  of  these  i^-inch  and  i>^-inch 
plow-steel  cables  was  submitted  to  microscopic  examination. 
Three  experts  were  also  asked  to  pass  judgment  upon  the  quality 
of  fiber  used.  (See  Table  19.)  There  was  complete  agreement 
that  the  rope  cores  of  cables  submitted  by  manufacturers 
M-i  and  M-2  were  jute.  One  expert  was  of  the  opinion  that 
the  cores  of  the  i3<^-inch  cable  submitted  by  M-6  and  those  of 
the  iX-inch  and  i>i'-inch  cables  submitted  by  M-4  were  of 
manila,  while  the  others  were  of  the  opinion  that  it  was  manila, 
with  a  mixture  of  sisal,  which  might,  however,  be  "marketed" 
as  manila.  Two  experts  designated  the  cores  of  the  iX-i^ch 
and  ij^-inch  cables  of  M-8  and  the  i^-inch  cable  of  M-5  as  a 
mixture  of  istle  and  Mauritius  hemp.  The  third  was  of  the  opin- 
ion that  they  contained,  in  addition,  some  New  Zealand  flax. 
All  agreed  that  the  core  of  the  i^^-inch  rope  of  M-5  was  com- 
posed of  istle. 

Manila  fiber  is  generally  considered  to  be  the  strongest.  It  has 
better  resisting  qualities  against  the  action  of  sea  water  than  the 
other  fibers.'  Jute  is  said  to  possess  poor  resisting  qualities  under 
the  action  of  moisture.  It  is  reported  that  sisal  will  not  stand 
the  action  of  sea  water.     While  sisal  is  considered  to  possess  the 

'  Sea  Year  Book,  Department  of  Agriculture,  1903;  ibid,  1909;  also  Mathew's  Textile  Fibres. 
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greatest  tensile  strength  next  to  manila,  it  is  not  as  flexible,  and 
accordingly  not  as  well  adapted  for  hoisting  or  power  transmis- 
sion purposes.  Istle  has  only  comparatively  recently  been  intro- 
duced for  rope-core  manufacture.  Mauritius  hemp  is  produced 
in  large  quantities  on  the  Island  of  Mauritius  and  in  Porto  Rico 
and  is  relatively  cheap  in  price.  Both  sisal  and  Mauritius  hemp 
are  comparatively  unknown  so  far  as  the  length  of  service  for 
wire-rope  purposes  is  concerned. 

TABLE  19. — Quality  of  Fiber  and  Lubricant  in  Rope  Cores 

1%'-INCH  ROPE  CORES 


Serial 
No. 

Manu- 
facturer 

233... 

M-2... 

234... 

M-3..- 

235... 

M-1... 

236... 

M-6... 

237... 

M-7... 

238... 

M-4... 

239... 

M-5... 

Fiber  in  rope  core,  estimated 


Jute. 


Jute. 


Manila  and  small  amount  of 
sisal. 


Manila  and  small  amount  of 
sisal. 
M-4. . .    Manila  (of  poor  quality) 


Istle. 


Lubricant  and  preservative 


Wood -tar  product:  Per  cent 

Tar 16. 8 

Tar  acids 39. 9 

Oils: 

Unsaponifiable 41.7 

Saponifiable 1.6 

100.0 

Vegetable-tar  product: 

Tar 18.3 

Tar  acids 34. 8 

Oils: 

Unsaponifiable 41.7 

Saponifiable 5.2 

100.0 

Wood-tar  product: 

Tar 9.8 

Tar  acids 32. 9 

Oils: 

Unsaponifiable 53. 0 

Saponifiable 4.3 

100.0 

Probably  a  petroleum  product  consisting  of  vaseline,  but 
darker  and  more  opaque.  It  contains  2.Z  per  cent  of 
saponifiable  oils,  calculated  as  lard  oil,  but  containing  no 
tar. 

Similar  to  above. 

There  was  an  insufficient  amount  for  the  obtaining  of  a 
sample  for  testing.  It  was  apparently  similar  to  that 
used  on  serial  No.  254,  IJ  j-inch  diameter  cable. 

Apparently  a  petroleum  product  consisting  of  vaseline,  but 
more  opaque  and  containing  more  vaseline.  No  tar 
was  found.  It  had  a  fishy  odor,  which  disappeared  on 
removing  the  solvent  (87°  gasoline)  used  in  extracting 
the  material.  Fat  oil  was  found  present  to  the  extent  of 
0.60  per  cent  (calculated  to  glyceride  of  oleic  acidj. 
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TABLE   19. — Quality  of  Fiber  and  Lubricant  in  Rope  Cores — Continued 

IH-INCH  ROPE  CORES 


Serial 
No. 

Manu- 
facturer 

FU>er  in  rope  core,  estimated 

Lubricant  and  preservative 

248... 

M-2... 

Jute 

Wood-tar  product:                                                   Per  cent 

Tar 17. 8 

Tar  acids 31.8 

OUs: 

Unsaponifiable 41. 9 

Saponifiable 8.5 

100.0 

249... 

M-9... 

do 

Wood-tar  product: 

Tar 20.5 

Tar  acids 41.6 

Oils: 

Unsaponifiable  32. 9 

Saponifiable 4.8 

99.8 

Considerable  rosin  was  present  with  the  tar  acids. 

250.    . 

M-I... 

do 

Wood-tar  product: 

Tar 9.5 

Tar  acids                  ..       ..                              .   ...    32.9 

OUs: 

Unsaponifiable 48. 8 

Saponifiable 8.7 

M-8... 

Istle  and  Mauritius 

99.9 

251... 

A  petroleum  product  +  a  saponifiable  oil.    No  tar 

was  present. 

Oils: 

Saponifiable  (calculated  as  glyceride  of  oleic 

acid) 12.9 

100.0 

252... 

M-6... 

Manila      

Wood-tar  product: 

Tar                 19.9 

Tar  acids                                      19. 3 

Oils: 

Unsaponifiable 51.5 

Saponifiable 9. 3 

100.0 

Graphite  was  found  in  the  mixture,  but  was  not 

determined,  since  it  was  mixed  with  dirt  from 

handling. 

253... 

M-7... 

do 

Wood -tar  product: 

Tai 25.4 

Tar  acids 15. 1 

Oils: 

Unsaponifiable 54.7 

Saponifiable 4.8 

100. 0 

Graphite  was  present.    (See  note  alwve.) 
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TABLE    19. — Quality  of  Fiber  and  Lubricant  in  Rope  Cores — Contiuued 
1=  .-INCH  ROPE  CORES— Contmued 
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Seri8l|  Manu- 
No.  jfacturer 


Fiber  in  lope  core,  estimated 


Lubricant  and  preservative 


254...  M-4.. 


255... 


Manila  (of  poor  quality) . 


Istle  and  Mauritius. 


Vegetable-tar  product:  Percent 

Tar 40.8 

Tar  acids 7. 5 

Oils: 

Unsaponifiable SO.  7 

Saponifiable 0.9 

99.9 

A  very  dark  heavy  oil  with  strong  fishy  odor:  Tar  . .  5.0 

Oils: 

Unsaponifiabie  (petroleum  oil) 83. 4 

Saponifiable  (fish  oil) 11.  fi 

100.0 


It  is  the  opinion  of  the  authors  that  manila  fiber  is  the  most 
suitable  to  use  for  rope  cores  for  power  transmission  and  hoisting 
cables  on  account  of  its  tensile  strength,  its  ability  to  stand  the 
effects  of  moisture,  and  to  better  resist  alternate  bending  stresses. 
It  is  more  suitable  for  ships'  rigging  on  account  of  its  resisting 
qualities  against  sea  water. 

3.  ANALYSES  OF  LUBRICANTS  AND  OF  PRESERVATIVES  FOR  ROPE 

CORES 

The  materials  here  designated  as  lubricants  and  preservatives 
are  not  those  usually  added  by  the  manufacturers  of  hoisting 
ropes,  except  in  the  case  of  the  i  /^  and  i  X  inch  cables  furnished 
by  M-5  and  M-8.  (See  Table  19.)  These  are  used  in  manufac- 
ture and  are  found  almost  entirely  on  the  rope  cores.  In  some 
cases  the  amounts  present  were  small,  so  that  it  was  difficult  to 
obtain  a  suitable  sample  for  analysis. 

The  material  reported  as  saponifiable  in  the  wood  and  vegetable 
tar  products  may  be  either  linseed  oil,  which  is  used  by  some 
manufacturers  to  thin  the  wood  tars,  or  resinates,  which  are 
always  present  in  the  tars.  At  the  time  the  analyses  were  made 
suitable  apparatus  was  not  available  for  separating  the  resin  acids 
of  the  resinates  and  the  mixed  acid  of  the  linseed  oil.  They  have 
been  calculated,  therefore,  as  linseed  oil.  The  error  in  doing  so  is 
slight. 
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4.  TENSILE  TESTS  OF  WIRES  OF  PLOW-STEEL  CABLES 

Numerous  tensile  tests  of  the  wires  were  made  on  the  lo  ooo- 
pound  testing  machine  shown  in  Fig.  13.  Some  of  these  tests 
will  be  discussed  to  draw  attention  to  the  t3-pical  physical  char- 
acteristics of  the  wires.  Table  20  shows  the  variations  which  may 
be  expected  in  the  tensile  strengths  and  percentage  elongations 


TABLE  20.- 


-Results   of  Tensile   Tests   of  Wires   of 
Cable,  Serial  No.  94 


,-Inch  6  by   19  Plow-Steel 


Strand 
No. 

Position  of  wire  a 

Diameter 
of  wire 

Area  of 
wire 

Tensile  strength 

Elonga- 
tion 

Inch 

0.  0415 
.0420 
.0410 
.0400 

.0450 
.0420 
.0410 
.0415 

.0450 
.0420 
.0420 
.0415 

.0450 
.0420 
.0410 
.0415 

.0455 
.0415 
.0410 
.0410 

.0450 
.0420 
.0410 
.0415 

Inch! 

0. 001353 
.  001385 
.  001320 
.  001257 

.  001590 
.001385 
. 001320 
.  001353 

.  001590 
.  001385 
.001385 
.  001353 

.  001590 
.  001385 
.  001320 
.001353 

.001626 
.  001353 
.  001320 
.  001320 

.  001590 
.001385 
.  001320 
.  001353 

Pounds 

327 
301 
344 
314 

378 
342 
335 
335 

380 
354 
343 
340 

364 
344 
314 
334 

358 
343 
346 

333 

360 
357 
337 
346 

Lbs. /in.' 
241  700 
217  300 
260  600 
249  800 

Per  ct. 

3.3 

2 

4.0 

1 

3  

4  0 

3 

4.0 

1        

t>  242  400 

3.8 

237  700 

246  900 
253  800 

247  600 

3  3 

2  

5  0 

2 

3 

5.0 

3  

4  8 

fl 

b  246  500 

4.5 

239  000 
255  600 
247  700 
251  300 

3  5 

3 



3 

5  0 

3 

4.8 

1   

b  248  400 

4.5 

228  900 
248  400 
237  900 
246  900 

4  5 

2 

5  0 

4 

3  .. 

5  3 

3 

1  . 

t'  240  500 

5.0 

220  200 
253  500 
262  100 
252  300 

5  0 

2 

3  5 

5 

3 

3  3 

5  3 

1 

t  247  000 

4.3 

226  400 

257  800 
255  300 
255  700 

5  0 

6 

3 

3 

4  S 

6  248  800 

4.9 

t  245  600 

4.5 

o  See  Fig.  i  ((f). 

*>  Weighted  mean.    Weights  were  taken  proportional  to  the  areas  of  wires. 

e  Average  for  strands=  average  for  cable. 
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Fig.  13. — Machine  for  obtaining  tensile  strengiJis  of  wires 
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of  the  wires  in  a  single  strand  of  a  cable.  The  strand  was  taken 
from  a  five-eighths  inch  plow-steel  cable,  serial  No.  94  of  Table 
6.  The  position  of  the  wire  in  a  strand  is  indicated  by  numerals 
I,  2,  and  3.  (See  Fig.  i  {d).)  The  mean  tensile  strength  of  the 
wires  was  found  to  be  245  600  pomids  per  square  inch,  with  a 
maximum  departure  from  the  mean  of  28300  pounds  per  square 
inch.  For  the  five-eighths-inch  cables,  serial  Nos.  95  and  96, 
upon  which  similar  tests  were  made  of  the  wires,  the  mean  values 
were  found  to  be  253  100  and  252  300  pounds  per  square  inch, 
respectively.  The  stresses  for  individual  wires  varied  from  231  400 
to  297  300  pounds  per  square  inch  in  the  first  cable,  and  from 
233  400  to  349  500  pounds  per  square  inch  in  the  second,  the 
average  departure  from  the  means  being  much  smaller.  Table 
21  gives  in  abstract  the  results  of  a  large  number  of  similar 
tensile  tests  on  13^4  and  1J2  inch  cables.  It  will  be  seen  from  the 
above  data  that  the  tensile  strengths  of  the  wires  of  the  cables  and 
strands  are  fairly  uniform.  An  average  variation  from  the  mean 
of  over  5  per  cent  is  rather  exceptional  in  the  case  of  the  wires  of 
a  single  cable.  The  variations  in  the  mean  tensile  strengths  of 
different  cables  as  determined  on  basis  of  the  aggregate  strength 
of  the  wires  are  usually  larger  than  exists  for  the  case  of  the 
wires  of  individual  cables.  This  is  explained  probably  by  the  fact 
that  no  two  manufacturers  submitted  steel  of  precisely  the  same 
relative  grade  in  meeting  the  stipulations  of  the  specifications. 

The  elongations  in  percentage  given  in  the  tables  were  measured 
after  rupture  and  give  a  good  idea  of  the  ductility  of  the  wires 
used  in  the  plow-steel  cables.  The  average  elongations  are  large 
when  the  high  strength  developed  by  the  wires  is  considered.  The 
elongations  found  for  the  wires  of  the  five-eighths  inch  cable  of 
Table  20  are  unusual  and  rather  too  high  to  be  representative. 

The  moduli  of  wires  determined  from  tests  upon  wire  taken 
from  cables  are  not  representative,  because  of  the  effect  of  initial 
curvature  and  twist  in  the  wires  from  fabrication.  In  wire  from 
reels  previous  tests  have  shown  the  modulus  is  about  the  same 
as  for  steel  bars,  29  to  30  by  lo'*.  The  moduli  of  the  wires  from 
the  strands  are  much  lower;  values  22  to  26  by  10°  pounds  per 
square  inch  were  found.  For  the  same  reason  extensive  meas- 
urements of  elastic  limits  were  not  considered.  In  wire  from  the 
reels  the  elastic  limit  is  high.  The  stress-strain  curve  for  the 
cable  of  Fig.  1 1  is  quite  typical  of  the  curves  for  wires. 
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5.  TORSION  AND  BENDING  TESTS  OF  WIRES 

Samples  from  the  same  lengths  of  wires  of  the  i  X  and  i  >2  inch 
diameter  cables  which  were  subject  to  tensile  tests  as  given  in 
Table  21  were  also  used  in  making  the  torsion  and  bending  tests. 
The  results  of  tlie  tests  are  given  in  Table  22  for  comparison. 

The  torsion  tests  were  made  in  an  Olsen  wire-testing  machine. 
The  wire  was  clamped  in  the  fixed  head  of  the  machine,  the  other 
end  being  permitted  to  pass  entirely  through  the  movable  head 
and  finally  over  a  pulley.  An  initial  tension  of  5000  pounds  per 
square  inch  was  applied  by  means  of  a  suitable  weight.  This 
initial  load  was  placed  on  all  wires,  excepting  the  cables  sub- 
mitted by  M-i.  After  applying  the  initial  tension  the  wire  was 
clamped  in  the  movable  head.  The  number  of  complete  turns  of 
360°  required  to  cause  rupture  was  then  read  on  a  graduated  arc 
on  the  head  of  the  testing  machine  and  is  given  in  the  table. 
The  mean  and  extreme  values  of  the  accompanying  twisting 
moment  were  measured.  The  force  of  torque  was  measured  on  a 
spring  balance  attached  to  the  machine,  the  arm  of  the  torque 
being  10  inches. 

The  bending  tests  were  made  on  an  Olsen  wire-bending  machine. 
One  end  of  the  wire  to  be  tested  was  clamped  to  the  weighing 
head.  This  is  provided  with  a  lever  system  by  which  the  tension 
on  the  wire  may  be  measured.  The  other  end  of  the  wire  passes 
between  two  small  steel  blocks  which  are  adjustable  laterally  for 
different  diameters  of  the  wires.  The  jaws  of  a  set  of  these  blocks 
are  rounded  to  curves  whose  diameters  are  equal  to  about  four 
diameters  of  the  wires  tested.  The  bending  of  the  wire  is  applied 
by  means  of  a  swinging  arc  to  which  the  wire  is  fastened  by  ordi- 
nary wedge  grips  after  it  passes  through  the  rounded  blocks  of 
steel.  The  arc  may  be  rotated  alternately  45°  about  the  small 
arcs  of  the  blocks  in  each  direction  from  the  axis  of  the  wire. 
An  initial  tension  of  approximately  one-third  the  tensile  strength 
was  applied  to  each  wire.  After  the  first  bend  the  load  fell  to 
about  0.7  of  the  initial  value. 

Tests  of  this  nature  are  useful  in  showing  any  degree  of  uni- 
formity the  wires  may  possess  with  respect  to  their  physical  prop- 
erties, but  on  account  of  the  relatively  large  variations  which  are 
found  it  is  difficult  to  draw  conclusions  as  regards  new  wires. 
The  results  of  the  table  show  the  comparative  strengths  of  the 
different  wires  tested  by  this  means.  The  positions  of  the  wires 
in  the  cable  are  those  indicated  by  the  numerals  on  the  section  of 
the  6  by  19  construction  shown  in  Fig.  i  (cQ. 
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VIII.  LAW  OF  DISTRIBUTION  OF  STRESSES  IN  THE  WIRES 

OF   A    CABLE 

1.  GENERAL  ANALYSIS 

If  the  wires  possessed  uniform  elastic  properties  and  were  laid 
in  parallel,  as  in  the  case  of  a  large  suspension  bridge  cable,  the 
strength  of  the  cable  might  be  assumed  to  be  equal  to  the  aggre- 
gate strength  of  the  component  wires.  It  is  evident  from  the  more 
or  less  complex  structure  of  ordinary  cables  as  a  result  of  the 
laying  of  the  strands  and  wires  that  each  wire  does  not  resist 
stress  equally.  Some  are,  in  fact,  more  stressed  than  others  as 
the  cable  receives  its  load.  It  is  common  practice  among  engi- 
neers in  forming  an  estimate  of  the  strength  of  a  cable,  when 
direct  tests  are  impracticable,  to  compute  the  aggregate  strength 
of  the  wires  and  to  multiply  this  by  a  coefficient.  This  factor  in 
practice  is  variously  estimated  at  from  80  to  95  per  cent.  It 
represents  the  ratio  of  the  strength  of  the  cable  to  the  mean 
aggregate  strength  of  its  constituent  wires.  The  ratio  may  be 
used  to  denote  the  efficiency  of  the  construction.  It  depends  on 
so  many  conditions — the  construction  and  diameter  of  the  cable, 
the  tightness  of  laying  of  the  wires,  the  degree  of  lubrication,  the 
modes  of  end  connections  in  tests,  etc. — that  a  theoretical  analysis 
is  necessarily  proximate. 

The  dynamics  of  stress  distribution  will  be  analyzed  under 
certain  ideal  conditions. 

(a)  The  surfaces  of  the  wires  are  assumed  frictionless — that  is 
to  say,  infinitely  smooth — so  that  any  tangential  forces  acting 
along  the  surfaces  of  the  wires  as  the  result  of  their  mutual  con- 
tacts and  slippings  are  zero.'" 

(b)  The  normal  forces  on  the  peripheries  of  a  particular  wire 
as  a  result  of  the  mutual  contacts  and  interactions  from  changes 
in  curvature  need  not  be  considered.  The  mode  of  distribution 
has  been  defined  for  only  the  simpler  cases,  as  where  two  or  three 
wires  are  twisted  together  into  a  cord.  -These  forces  influence 
the  degree  of  distortion  of  the  wires.  But  by  statics  and  the 
hypothesis  (a)   they  present  no  components  of  force  along  the 

*"  An  individual  wire,  for  example,  may  be  conceived  to  trace  a  path  between  the  others,  as  if  they 
constituted  a  perfectly  lubricated  elastic-steel  casing,  the  contact  film  also  permitting  freedom  of  elastic 
action  of  the  wire  under  consideration.  Let  an  element  of  length  ds  of  tliis  wire  be  taken.  It  may  be  con- 
sidered as  a  small  piston  or  a  particle  acted  upon  by  forces  in  space;  or,  on  the  other  hand,  an  element  of 
the  "casing"  may  be  considered  as  a  bead  displaced  by  the  strain  through  an  infinitesimal  arc  of  a  tor- 
tuous curve.  The  particle  is  then  subject  to  two  conditions  of  restraint,  fi  (i,  y,  z)  and  fa  (r,  y,  z),  where 
i.  y,  z  are  the  coordinates  of  position.  The  cquilibriiun  of  the  particle  in  this  case,  both  with  and  without 
friction,  is  discussed  by  Ziwet,  Jlechanics,  Part  II  (1897),  p.  137. 


70  Technologic  Papers  of  the  Bureau  of  Standards 

axis  of  the  wires,  except  as  occurs  from  changes  of  curvature  in 
the  wires  caused  by  a  couple  acting  along  the  strand.  The  theory 
of  flexure  shows  that  the  stresses  balance  in  pairs. 

(c)  When  a  strand  or  wire  is  considered  as  a  type  of  spiral 
spring,  and  this  is  elongated  by  the  load  on  the  cable,  the  shear- 
ing stresses  induced  by  torsion  "  and  the  flexure  caused  by 
twists  and  a  change  in  curvature  are  neglected  in  comparison 
with  the  direct  tension  on  the  strand  or  wire  from  the  loading. 
These  stresses  may  be  approximately  estimated  by  the  methods 
commonly  in  use  for  the  combination  and  resolution  of  stresses, 
when  considered  in  connection  with  the  elongation  and  reduction 
data  of  the  tables.  It  will  be  evident,  however,  that  when  a 
single  wire  or  strand  of  the  cable  is  considered  t«  sitii  as  such  a 
spring,  the  elongation  of  the  spring  is  only  a  few  percentages  at 
rupture  and  much  less  within  the  domain  of  elastic  action.  The 
force  causing  the  elongation  of  the  spring  and  the  shears  from 
the  torque  are  small  enough  to  neglect  in  comparison  ^vith  the 
tension  which  is  transmitted  along  the  axis  of  the  wire. 

(d)  The  strands  are  assumed  to  carry  equal  portions  of  the  load. 
A  relative  slipping  of  one  strand,  or  a  greater  relative  elongation 
in  this  strand  from  any  cause,  will  throw  more  of  the  stress  on 
others.  The  analysis  thus  implies  perfect  end  connections,  also 
uniform  ductilities  and  other  physical  properties  of  the  wires. 

(e)  The  analysis  is  static.  The  loadings  were  applied  at  slow 
speed.  There  are  doubtless  slight  relative  slippings  of  w'ires  at 
all  stages  of  the  loading,  but  the  readjustments  are  taking  place 
slowly.     It  is  assumed  in  the  general  analyses  of  funicular  problems 

11  Three  neighboring  points  so,  Si,  sc  may  be  considered  on  the  space  curve  traced  by  the  central  point 
of  a  strand  or  wire.  The  limiting  position  of  the  plane  defined  by  these  points  -n-hcn  so  and  Si  are  brought 
into  coincidence  -with  si  is  called  the  osculating  plane  in  the  geometrj*  of  skew  curves.  For  example,  if 
a  short  length  of  the  curled  wire  is  laid  upon  a  table  the  plane  of  the  table  approximately  defines  tbe  posi- 
tion of  the  osculating  plane  with  reference  to  the  wire.    The  angle  A^  between  two  osculating  planes 

taken,  for  example,  at  the  points  So  and  Js  represents  the  total  torsion.    The  torsion  yr  represents  the 

rate  of  turning  of  the  osculating  plane  with  reference  to  the  increasing  arc. 

A  plane  may  be  taken  perpendicular  to  the  tangent  of  the  curve  at  the  point  s\  in  question.  All  the 
normals  to  the  cur\'e  are  in  this  plane.  The  principal  normal  lies  in  the  osculating  plane,  the  binormal 
at  right  angles  to  it.  The  tangent,  binormal,  and  principal  normal  are  taken  so  as  to  form  a  right-handed 
system  as  coordinates  of  reference. 

The  curvature  expresses  the  rate   .  -  at  which  the  tangent  turns  with  reference  to  the  increasing  arc.    The 
as 

center  of  curvature  lies  on  the  principal  normal  at  a  distance  from  the  point  si  equal  to  the  radius  of  curva- 
ture. The  skew  cur\'e  in  the  neighborhood  of  ii  may  be  projected  orthogonally  on  the  osculating  plane. 
The  radius  of  curvature  is  equal  to  that  of  the  plane  curve  thus  defined  at  the  point  ^i  in  question. 

The  shearing  or  angular  straining  is  induced  in  the  wires  or  the  strand  considered  as  a  unit  by  a  constant 
torque,  viz,  the  load  on  the  spiral  times  the  radius  of  the  spiral.  There  is  in  general  a  couple  whose  vector 
is  axial.  This  causes  the  change  in  curvature  and  bending  stress.  The  shearing  and  bending  stresses 
here  referred  to  are  n'^glccted  in  hiisothesis  (c)  in  comparison  with  the  direct  tensions  on  the  wires  and 
strands.  (See  E.  Goursat,  Ccurs  d'.\nalyse  (Hedrick's  Trans.).  1.  ist  ed..  p.  463,  1904;  A.  E.  H.  Love, 
Theory  of  Elasticity,  ad  ed.,  p.  396,  1906.) 
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that  the  structure  is  momentarily  rigid  when  the  conditions  of 
equilibrium  are  applied.  The  planes  of  reference  to  be  taken,  in 
other  words,  are  assumed  to  be  conserved  without  relative  move- 
ments of  the  wires  with  reference  to  the  planes  in  the  interval 
considered.     Kinetic  effects  are  not  presented. 

These  considerations,  even  under  the  most  favorable  aspects, 
can  not  be  fully  realized  in  practice.  There  is  never  perfect 
lubrication  nor  uniformity  of  elastic  properties  and  ductilities  of 
the  wires.  There  may  be  initial  strains  in  the  wires  from  twisting 
or  tension  in  fabrication  which  are  not  present  in  the  wires  on  the 
spools.  A  short  specimen  of  cable  with  end  sockets  is  not  pre- 
cisely equivalent  mechanically  to  an  indefinite  length  of  cable, 
and  the  stress  is  not  as  uniformly  distributed  among  the  strands. 
An  analysis  according  to  the  above  conditions,  nevertheless, 
defines  an  upper  limit  for  the  strength  of  the  cable  in  terms  of 
the  strengths  of  the  wires  and  expresses  a  certain  desideratum 
of  attainment  in  the  making  of  standard  tests  under  the  most 
favorable  conditions. 

If  a  right  section  of  a  strand  is  considered  at  any  point  So  on 
its  axis,  the  wires  of  any  particular  concentric  ring  of  wires  com- 
posing the  strand  intersect  this  plane  at  a  common  angle  with 
the  normal.  Let  the  direction  angle  of  a  wire  referred  to  the 
nonnal  be  0i  (i  =  i ,  2 ,  3  .  .  .  n) ,  where  the  subscript  i  has  different 
values  according  to  the  relative  position  of  the  ring  with  reference 
to  the  axis  of  the  strand,  the  method  of  numbering  having  already 
been  used  for  the  special  case  of  Fig.  i  (c?) .  The  areas  of  the  wires 
and  the  tensile  stresses  for  each  ring,  which  by  axial  symmetry 
may  be  assumed  imiform,  will  similarly  be  taken  as  ai  and  pi, 
respectively.  The  effective  component  of  the  combined  stresses 
on  a  ring  in  the  direction  of  the  normal  is  pi  ai  cos  6i.  Consid- 
ering the  central  wire  as  ring  i,  the  tension  on  the  strand  Ts  is 
found  by  summing  such  expressions  for  all  the  rings  or 

11 
Ta  =  S/?iOi  cos  di  :  (i=i,  2,  3  ...  n). 
I 

A  neighboring  section  at  a  point  si  may  be  taken  at  an  element 
of  distance  Aso  along  the  axis  of  the  strand.  When  the  elastic 
stretch  along  the  axis  is  6(A.ro)  the  corresponding  stretch  in  the 
wires  of  the  i"*  ring  is  given  by  the  relation 

^jAji     pAso  sec  0i     s,.    ^  .a   ,     \ 

r-.     ^ ^ =  5  ( A.s-o)  cos  {Bi  +  ej) . 
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E  is  the  modulus  of  elasticity  of  the  wires,  Asi  is  the  length  of  a  wire 
of  the  t'""  ring  intercepted  by  the  neighboring  planes  of  cross 
section,  Aso  being  taken  very  small,  and  ei  is  an  angle  depending 
upon  the  space  coordinates  of  the  skew  curve  generated  by  the 
wire.  The  angle  e;  expresses  the  angular  decrement  in  the  slope 
of  the  wire  imposed  as  a  result  of  the  twist  and  change  in  curvature 
from  the  strain.  It  becomes  infinitesimal  for  elastic  strains, 
vanishing  with  Aso  for  the  condition  of  no  load,  and  is  neglected 
by  hypothesis  for  a  first  and  sufficient  approximation. 

If  similar  equations  are  written  for  each  ring  of  wires,  and  the 
conditions  for  static  equilibrium  along  the  axis  of  the  strand 
previously  given  are  applied,  there  results  the  following  group  of 
equations: 

(i)  pi  sec-9,  =p2  sec'62  = =pn  sec^^n 

(2)         /'lOi  cos  ^1  +p.a.,  cos  ^2  + +/>n  On  cos  ^n  =  Ts 

The  solution  of  these  equations  gives  for  the  first  ring  of  wires,  r^ : 

,  ,  .      Ts  cos'9, 

^'^       ^'7l+___«3_+ +^3_^ 

\sec^6i     sec^^,  sec'^n/ 

and  in  general  for  the  stress  pr  in  a  particular  ring  r 

,    s  u  T^B  COS^^r     /  •  \ 

(4)  /'r  =  ;, :(i  =  i,2,3 ..n) 

^  sec='6'i 
I 

Theoretically  the  central  or  core  wire  of  the  strand  from  the 
above  equation  (3)  receives  the  greatest  tensile  stress.  Its  angle 
of  slope  with  the  normal  is  zero  and  the  square  of  the  cosine  is 
unity.  The  central  wire,  therefore,  offers  the  most  direct  path 
for  the  transmission  of  stress  in  the  strand.  Its  stress  defines  the 
upper  limit  of  stress  p  in  the  strand,  where  p=pi> pi,  p3-  pr-  pn 
by  the  law  pr=  pi  cos'^r  as  found  from  equations  (3)  and  (4).  The 
stress  in  the  strand  may,  therefore,  be  represented  in  terms  of  the 
stress  of  its  most  stressed  wire  by  the  equation 

"    a- 

(5)  -^^"^^"^i^-  ('^=1.2,3 n) 

If  5  represents  the  number  of  strands  in  the  cable  and  <j>  is  the 
direction  angle  between  the  tangent  to  the  central  line  of  the 
strand  and  the  normal  to  a  right  section  of  the  cable,  the  effective 
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stress  along  the  axis  of  the  cable  in  terms  of  the  stresses  in  the 
wires  becomes 


(6)  Tc=S  Ts  cos  4)=  S  cos  (f> 


where  the  coefficient  of  p,  the  stress  in  the  most  stressed  wire,  is  to 
be  determined  for  any  particular  type  of  construction. 

2.  ANALYSIS  OF  STRESS  DISTRIBUTION  IN  6  BY  19  PLOW-STEEL  CABLES 

Formula  (6)  will  be  applied  to  the  case  of  plow-steel  cables  of 
6  by  19  construction  as  an  example  of  method.  The  treatment 
of  other  cases,  as,  for  example,  a  6  by  37  or  6  by  61  construction, 
is  similar  except  that  additional  rings  of  wires  are  considered. 
In  the  8  by  19  construction,  8  strands  are  considered  instead  of  6, 
and  so  on  with  the  6  by  7  and  other  types. 

The  aggregate  cross-sectional  areas  of  the  wires  in  the  different 
strands  of  standard  concentric  strand  construction  are  related 
to  each  other  as  the  terms  of  the  sequence  — a,  7a,  19a,  37a,  6ia, 

[2,n{n-i)  -f-  i]a,  where  n  of  the  general  term  expresses 

the  number  of  concentric  rings  forming  the  strand,  and  a  is  the 
mean  area  of  a  wire.  The  area  of  the  cable  in  terms  of  the  mean 
area  of  the  wires  is  5[3n(«-i)  -f  i]a,  where  5  represents  the  num- 
ber of  strands.  The  respective  total  areas  of  the  concentric  rings 
are  found  by  taking  the  iirst  differences  of  the  previous  sequence.'^ 
The  sequence  for  the  aggregate  areas  of  the  w^ires  of  the  different 
rings,  exclusive  of  the  first  wire,  is  6a,  12a,  i8a, .  .  .  .6(n-i)  a.  The 
constant  difference  of  the  suite  is  6a,  as  in  the  case  of  the  terms  of 
an  arithmetical  progression. 

Equation  (6) ,  taken  in  connection  with  the  equation  pr=pcos^Br, 
may  be  used  to  calculate  the  stresses  of  the  wires  of  each  ring  under 
a  given  load  on  the  cable  to  a  closer  approximation.  An  opposite 
course  will  be  pursued,  however.  Assuming  that  the  safe  or 
ultimate  tension  on  the  wires  shall  not  exceed  a  certain  amount  as 
determined  by  tests  of  the  wires,  the  effective  component  of  the 
total  stress  along  the  axis  of  the  cable  will  be  computed  for  com- 
parison with  some  of  the  results  of  the  tensile  tests  of  the  cables. 

^^  The  areas  and  stresses  of  Tables  3  to  13  were  computed  upon  the  assumption  of  the  wires  being  laid 
in  parallel  on  account  of  practical  considerations.  The  cross-sectional  areas  of  the  wires  in  the  conventional 
sections  of  the  cables  of  Fig.  i  are  shown  as  assemblages  of  circles.  More  exactly  in  standard  constructions 
these  are  in  general  ellipses  of  small  eccentricities,  the  eccentricity  varying  with  the  coordinates  of  position 
of  a  wire,  so  that  the  practical  analysis  is  not  rigorous  in  a  scientific  sense. 
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Equation  (6)  becomes,  in  the  case  of  the  6  by  19  construction, 
where   only   three   terms   of   the   sequence   need   be   considered, 

(7)  Tc  =  6  cos  <A  (cos  ^  e^-^6  cos  ^^,  +  12  cos  '  6,)  pa 

The  value  Te  as  previously  given  is  the  load  on  the  cable.  The 
direction  angle  cf)  is  the  angle  between  the  tangent  to  the  gener- 
ating helix  of  the  tubular  surface  enveloping  strand  and  the  normal 
to  the  right  section,  and  ^1,  6^,  63  are  similar  angles  for  the  re- 
spective wires  in  the  several  rings  taken  with  reference  to  the 
normals  of  the  congrtient  sections  of  the  strands.  The  tenn  pa 
is  the  load  limit  on  the  most  stressed  or  central  wire  of  each 
strand.  Numerical  values  of  the  tenns  are  to  be  computed  from 
the  previous  data. 

The  axes  of  these  central  wires  intersect  the  right  sections  of  the 

strands  at  radial  distances  —    from  the  axis  of  the  cable,  where 

D  is  the  diameter  of  the  cable.     The  mean  lay  or  pitch  of  the  helix 

from  Fig.  2  may  be  taken  as  "j^^D.     Therefore,  the  mean  value  of 

cos  <t>  becomes 

2irD   /i  s  r^  4x  , 

cos  <A  =  cos  arc  tan /  -^  U  =  cos  arc  tan  —  =0.06'? 

3/2  45        ^  -^ 

The  wires  of  the  second  and  third  rings  of  the  strands  make  a  com- 
plete turn  about  the  central  axis  of  strand  in  a  lay  =  approximately 
3D.     The  orthogonal  projection  on  the  transverse  sections  are 

accordingly  — -  and   1  respectively,  the  space  cur\'es  of  the 

wires  being  treated  as  helices  in  the  neighborhood  of  the  point 
imder  consideration.  Since  6i  is  zero,  the  numerical  expression  of 
the  terms  in  the  parentheses  of  (7)  becomes 

1+6  cos  ^  (  arc  tan  ^-  )  +  1 2  cos  ^  (  arc  tan  —  ) 
V  45/  \  45/ 

=  1  +  5.88  +10.72=17.60 

Accordingly,  there  results  for  T^ 

Tc  =  6X0.963 X  17.60  pa=  loi.-j  pa 

Since  the  aggregate  cross-sectional  areas  of  the  wires  times  the 
allowable  stress  is  1 1 4  pa,  the  ratio  of  the  strength  of  the  6  by  19 
cable  to  the  total  available  strength  of  its  wires,  as  deduced  from 
theoretical  considerations,  becomes  0.892.  This  ratio  will  be 
called,  for  brevity,  the  efhciency  of  the  construction. 
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3.   CALCULATION  OF  EFFICIENCIES  FROM  DATA  OF  TESTS 

The  actual  efficiencies  of  plow-steel  cables  of  five-eighths  inch, 
iX  inch,  and  i^  i'^ch  diameters  have  been  calculated  from  the 
data  obtained  from  tests  of  about  600  wires  from  these  cables. 
An  abstract  of  the  results  on  the  wire  tests  for  the  i  X  and  i  J  <  inch 
specimens  is  given  in  Table  2 1 .  The  data  for  the  five-eighths  inch 
specimens  were  obtained  as  illustrated  in  Table  20.  The  mean 
area  of  each  size  of  wire  entering  the  construction  of  the  specimens 
was  calculated.  The  average  breaking  stresses  observed  for 
different  wires  recorded  in  the  tables  were  multiplied  by  the 
respective  areas  and  added  to  give  the  mean  aggregate  strength 
of  the  wires  in  the  cable.  The  observed  maximum  loads  on  the 
cables  as  given  in  Tables  6,  u,  and  12  were  divided  by  the 
aggregate  strengths  of  the  wires  to  obtain  the  efficiencies  recorded 
in  Table  23. 

The  average  efficiency  of  the  cables  as  calculated  from  the  above 
tests  is  81.3  per  cent,  or  7.9  per  cent  lower  than  that  found  from 
the  theoretical  considerations.  The  authors  are  of  the  opinion 
that  this  discrepancy  is  to  be  explained  mainly  by  the  fact  that 
the  wires  are  not  all  of  the  same  ductility  and  do  not  possess  pre- 
cisely the  maximum  strengths.  Accordingly  some  wires  are 
stretching  more  than  others  near  the  maximum  load.  The  wires 
with  less  percentages  of  elongation  tend  to  break  first.  The  result 
is  that  the  strands  near  the  breaking  point  are  eventually  un- 
equally stressed.  Tables  3  to  12  show  that  the  average  number 
of  strands  breaking  is  from  two  to  three,  this  indicating  that  the 
strands  are  not  stressed  and  distorted  uniformly  at  rupture.  The 
maximum  stresses  of  the  weaker  strands  thus  determine  the  maxi- 
mum load.  If  all  strands  could  be  arranged  to  break  simul- 
taneously probably  the  strength  of  the  cable  would  be  increased 
somewhat. 

It  was  shown  previously  that  the  stress  p^-  for  any  particular 
ring  of  wires  is  given  in  terms  of  the  stress  for  the  central  or  most 
stressed  wire  by  the  formula  pr  =  p  cos  -6^  where  Or  is  the  inclina- 
tion of  the  wires  to  the  normal  to  the  right  section  of  strand. 
Tables  21  and  22  show  that  the  elongations  are  not  graded  pro- 
portionally to  the  stress  in  the  ring.  It  seem.s  reasonable,  there- 
fore, to  believe  that  if  it  were  possible  to  do  this,  it  v/ould  tend  to 
equalize  the  stresses  on  the  strands  to  some  extent.  For  example, 
the  load  on  the  central  wire  is  the  greatest  since  it  has  zero  slope 
to  the  normal  to  the  right  section  of  strand  and,  therefore,  offers 
the  most  direct  path  for  the  transmission  of  stress.     Other  things 
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being  equal,  it  tends  to  break  first.  If  the  percentages  of  elonga- 
tion in  this  wire  were  slightly  greater  than  in  the  surrounding 
wires,  it  would  stretch  proportionately  a  greater  amount  before 
breaking  and  thus  the  other  wires  would  tend  to  equalize  the  stress 
distribution  over  the  cross  section  of  the  strand,  and  similarly  with 
the  remaining  wires.  It  was  previously  stated  that  certain  inte- 
rior wires  of  the  cable  usually  break  first  with  sharp  metallic  rings. 
This  shows  some  verification  of  the  theory  presented. 

TABLE  23.— Calculated  Efficiencies  of  6  by  19  Plow-Steel  Cables 

H-INCH   CABLES 


(a) 

(c) 

(d) 

(e) 

(f) 

Serial 

No.  of 
tables 

Observed     maximum 
load  on  cable 

Obsen-ed  mean  maxi- 
mum    stresses     in 
wires 

Aggregate    sectional 
areas  of  wires 

Efficiency      in      per 
cent  equals  ratio  of 
strengtb  of  cable  to 
mean    strength    of 
wires  X  100 

Pounds 

Lbs./in.s 

Inch' 

94 

30  200 

245  600 

0. 1592 

77.2 

0" 

30  200 

270  000 

.1307 

85.7 

Oo 

29  700 

272  500 

.1307 

83.4 

95 

31260 

253  100 

.1485 

83.1 

96 

29  550 

252  300 

.1485 

78.7 

AveraE 

81.6 

IH-INCH    CABLES 


233 

108  000 

237  000 

0.6020 

75.7 

234 

123  800 

239  400 

.6270 

82.  S 

235 

119  000 

266  000 

.6180 

72.4 

236 

130  000 

272  000 

.6350 

75.4 

238 

126  700 

234  500 

.6590 

82.0 

239 

125  500 

224  000 

.6220 

90.2 

Averag 

e 

79.7 

IH-INCH  CABLES 


248 

180  900 

253  500 

0.8600 

82.9 

249 

176  500 

249  000 

.9030 

78.3 

250 

188  300 

227  500 

.9500 

87.3 

251 

148  000 

227  300 

.9060 

72.1 

252 

183  000 

226  000 

.9730 

83.3 

253 

184  500 

223  000 

.9730 

85.1 

254 

190  800 

232  000 

.9480 

86.7 

255 

163  500 

214  600 

.8880 

85.7 

Averag 
Grand 

e....           

82.7 

81.3 

»  Not  listed. 
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Under  the  conditions  of  working  stresses  which  are  commonly 
taken  when  there  is  little  impact  or  bending  at  about  one-fifth  the 
maximum  stresses  developed  by  tests,  the  effects  of  unequal  elonga- 
tions in  the  wires  at  rupture  are  absent.  It  may  be  assumed  from 
the  relative  constancy  of  the  modulus  of  elasticity  of  the  uncoiled 
wires  that  the  distribution  of  stresses  in  the  wires  is  then  more 
nearly  in  accord  with  the  theoretical  calculation  which  has  been 
given  when  the  cable  is  well  lubricated.  Since  the  strands  will 
behave  as  a  set  of  coaxial  helical  springs  of  equal  pitch  inter- 
winding  one  within  another,  the  elastic  stretch  will  never  be  pre- 
cisely uniform.  The  wires  do  not  bed  on  each  other  in  the  dif- 
ferent strands  in  quite  the  same  way,  as  is  shown  indirectly  from 
the  evidence  presented  by  the  tables  of  elongations  and  reduc- 
tions. As  the  load  is  removed  the  recovery  is  not  uniform  for 
each  strand,  and,  similarly,  when  the  wires  themselves  are  con- 
sidered as  springs.  The  mutual  interactions  at  the  peripheries 
will  be  present.  If,  however,  the  cable  is  frequently  lubricated, 
the  frictions  brought  into  play  by  the  reaction  of  one  wire  or 
strand  on  another  will  be  kept  to  a  minimum,  thus  premitting  the 
strands  and  wires  to  glide  over  each  more  freely.  Each  strand 
will  tend  to  carry  its  proper  proportion  of  the  load  where  there  is 
more  opportunity  of  readjustment  between  the  components. 
The  cable  will  be  better  fitted  to  resist  alternate  bending  stresses 
which  cause  broken  wires  when  it  is  properly  lubricated. 

4.  IMPORTANCE  OF  LUBRICATION   OF  HOISTING   CABLES 

The  authors  have  found  by  examination  and  tests  of  a  number 
of  used  cables  that  there  is  often  considerable  impairment  and 
lowering  of  the  life  of  wire  rope  through  insufficient  lubrication. 
Many  wires  are  found  to  be  corroded.  The  coefficient  of  friction 
is  then  materially  increased.  The  opportunity  for  readjustment 
and  sliding  when  there  is  a  tendency  to  overstressing  is  not  present. 
The  rope  core  deteriorates,  becoming  dry  and  inelastic  and  easily 
disintegrable.  The  wires  are  thus  broken  more  easily,  even  when 
the  sheave  is  of  appropriate  curvature,  since  the  cable  acts  like  a 
beam  rather  than  a  flexible  cord.  The  corroding  pits  the  wires 
and  reduces  their  available  sectional  areas.  Improper  stress 
distributions  tend  to  dent  the  wires  and  lower  their  strength  in 
much  the  same  way  as  the  corroding  action.  In  cables  from 
mine  hoists  the  lubricant  is  sometimes  found  to  have  congealed 
through  lack  of  proper  attention  into  a  hardened  matrix.  As  the 
stiffness  and  modulus  of  the  cable  is  then  materially  increased, 
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the  bending  stresses  are  larger  than  imder  normal  conditions. 
Many  broken  wires  are  found  in  such  cases.  Systematic  lubrication 
of  hoisting  cables  at  stated  intervals  will  prolong  their  life  in  serv- 
ice and  insure  more  favorable  stress  distributions  among  the  wires. 

EX.  SUMMARY   AND    CONCLUSIONS 

The  paper  presents  the  results  of  tests  of  275  wire  ropes  sub- 
mitted by  American  manufacturers  to  fulfill  the  specifications  of 
the  Isthmian  Canal  Commission.  The  selections  of  the  test  speci- 
mens were  made  by  Government  inspectors.  The  ropes  were  of 
diameters  ranging  from  one-fourth  of  an  inch  to  i  }4  inches,  a  few 
being  of  larger  diameters  up  to  3^4  inches.  Over  half  the  speci- 
mens were  plow  and  crucible-cast  steel  hoisting  rope  of  6  and  8 
strands  of  19  wires  each.  The  remainder  were  guy  and  tiller 
ropes  of  6  strands  of  7  wires  and  6  strands  of  42  wires  each. 

1.  RECAPITULATION  OF  STRUCTURAL  DATA 

The  linear  dimensions  of  the  wires,  strands,  and  rope  cores  were 
found  from  measurements  to  be  proportional  to  the  diameters  of 
the  cables.  The  diameters  of  strands  and  rope  cores  were  gen- 
erally one-third  the  diameters  of  the  cable,  the  cores  of  the  8  by 
19  plow-steel  rope  being  slightly  larger.  The  mean  pitch  or  lay 
of  a  strand  was  approximately  7}^  times  the  diameter  of  the  cable. 
The  mean  lay  of  the  wires  was  approximately  2)^  times  the 
diameter  of  the  cable.  The  mean  diameters  of  the  wires  are  given 
approximately  by  the  equation 

d  =  diameter  of  wires ;  D  =  diameter  of  cable 

„      N  =  number  of  wires  in  outer  ring  of  strand 
D 
d  =  K-Tj——:  I  i.o  for  hoisting  and  guy  rope 

K  =  \    .8  for  flexible  hoisting  rope 

I    .33  for  tiller  rope. 

The  mean  aggregate  sectional  area  of  the  wires  in  a  cable  in 

terms  of  its  diameter  is  given  approximately  by  the  formula 

0.41  for  6  by  19  plow-steel  rope 

.38  for  6  by  19  crucible-cast  steel  rope 

.T,8  for  6  b}'  7  guy  rope 

.35  for  8  by  19  plow-steel  rope 

.26  for  6  by  42  iron  tiller  rope. 

The  sectional  area  of  the  steel  in  a  cable  in  terms  of  the  mean 

area  of  its  wires  is  given  by  the  formula 

A  =  area  of  steel 

S  =  number  of  strands 

n  =  number  of  concentric  rings 

a  =  mean  area  of  a  wire. 


A=CD':    C 


A  =S  [3>i(n—  i)  -I-  i]a: 


c 


=   .8  to  i.oo;  mean  about    .85,— 
=   .3  to    .45;  mean  about    .35,— 
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2.  RECAPITULATION  OF  THE  RESULTS  OF  TESTS  OF  CABLES 

It  was  foimd  when  the  observed  maximimi  loads  were  platted 
as  functions  of  the  diameters  of  the  cables  of  each  class  that  the 
lower  boundary  of  the  field  comprising  these  observations  could 
be  expressed  within  fairly  close  limits  by  the  formula 

Load  =  C  75  000  D' 

D  =  diameter  of  cable 

=  0.9  to  I.I    ;  mean  about  i.o  ,  — Plow  steel  6  by  19  cables 

Plow  steel  8  by  19 
Crucible-cast  steel  6  by  19 
Tiller  rope  6  by  42 
Guy  rope  6  by  7 

The  specifications  and  the  standard  strengths  of  the  manufac- 
turers' were  found  in  general  to  agree  quite  closely  with  the 
loads  defined  by  these  lower  boundaries.  The  arithmetical  means 
of  the  observed  maximum  loads  from  the  tests  were  usually  about 
5  to  12  per  cent  higher  than  the  minimum  values  recorded,  de- 
pending upon  the  particular  grade  of  steel  used  by  the  manufac- 
turer in  meeting  the  requirements  of  the  specifications. 

The  mean  values  of  the  observed  maximum  stresses  found  for 
the  different  classes  of  cables  when  platted  in  curves  showed  a 
general  correspondence  with  similar  cvirves  platted  from  stresses 
figured  from  the  maximum  loads  given  by  the  specifications  and 
the  standard  strengths  of  the  manufacturers.  The  smooth  curves 
following  the  general  trend  of  the  platted  observations  were  of 
the  type  foimd  in  tests  of  wires  of  different  diameters.  The  rela- 
tively high  maximum  stresses  found  for  small  cables  were  at- 
tributed to  the  greater  strengths  of  the  wires  as  a  result  of  wire 
drawing. 

The  observed  unit  elongations  under  cumulative  stresses  showed 
some  irregularities  for  different  cables  of  the  same  class  and  diame- 
ter. The  elongations  were  nearly  proportional  to  the  stresses  in 
a  particular  cable.  The  calculated  moduli  of  the  cables  varied 
from  3  by  10"  to  9  by  10''  pounds  per  square  inch  of  cable  section. 
While  this  is  increased  by  service,  it  is  believed  the  limit  of 
1 2  000  000  pounds  per  square  inch  used  in  the  calculation  of 
bending  stresses  is  ample. 

3.  RECAPITULATION  OF  RESULTS  OF  TESTS  FOR  QUALITY  OF  MATERIAL 

The  tensile  strengths  of  wires  in  a  strand  were  quite  uniform. 
The  maximum  elongations  were  relatively  high,  considering  the 
strength  of  the  wires.     The  strengths  of  wires  in  cables  of  the 
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same  class  and  diameter  were  quite  uniform  when  the  steel  was 
of  the  same  grade.  The  relatively  large  departures  from  the  mean 
in  a  group  of  cables  of  the  same  class  may  be  attributed  to  the  fact 
that  the  chemical  constituents  are  not  identical  in  all  cases,  but 
depend  upon  the  particular  type  of  steel  submitted  by  the  manu- 
facturers in  meeting  the  provisions  of  the  specifications.  The 
variations  in  the  strengths  of  the  cables  were  larger  than  would 
have  occurred  if  all  specimens  of  a  class  had  been  selected  from 
the  same  manufacturer  and  had  they  been  constructed  of  the  same 
grade  of  steel. 

The  fiber  used  for  rope  cores  in  the  hoisting  cable  of  i  ^  and  i  X 
inches  diameter  was  estimated  to  be  manila,  jute,  or  istle.  In 
some  cases  mauritius  had  been  mixed  with  the  istle.  Manila 
fiber  is  considered  to  be  most  efficient  for  power  transmission  and 
hoisting  cables,  on  account  of  its  greater  strength  and  ability  to 
resist  alternate  bending.  It  is  probably  more  efficient  for  ship 
rigging  and  like  purposes,  where  the  cables  are  exposed  to  sea 
water. 

The  preservative  and  lubricants  used  were  wood  or  vegetable 
tar  combined  with  petroleum  oil  or  other  petroleum  products. 
Experience  from  tests  of  cable  used  in  practice  shows  that  the 
cables  when  bent  over  sheaves  should  be  lubricated  at  frequent 
intervals  to  prevent  corrosion  of  the  wires  and  rigidity  and  dry- 
ing out  of  the  core,  and  to  insure  more  freedom  of  action  of  the 
strands  and  wires  in  adjusting  themselves  in  resisting  direct  and 
bending  stresses.  Otherwise  the  strength  is  impaired  by  corro- 
sion and  denting  of  the  wires  from  irregular  stress  distributions. 

The  efficiency  of  a  cable  in  developing  the  strength  of  the  wires 
depends  theoretically  upon  the  construction  and  lays  of  the 
strands  and  wires.  The  effective  component  along  the  cable  axis 
was  found  to  be  about  89  per  cent  of  the  working  stress  in  the 
wires  for  6  by  19  plow-steel  cables.  The  mean  component  de- 
veloped at  rupture  was  found  to  be  about  8  per  cent  less  than 
the  theoretical  value  computed  on  the  basis  of  an  elastic  behavior 
of  the  material.  This  was  attributed  to  different  degrees  of 
ductility  possessed  by  the  wires  and  some  variation  in  their 
strengths.  It  is  the  opinion  that  the  efficiency  of  different  con- 
structions will  be  in  closer  agreement  with  the  computed  efficiency 
when  working  stresses  are  not  exceeded. 

Washington,  June  29,  1918. 
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I.    INTRODUCTION 

In  the  year  1914  plans  were  made  by  the  United  States  Geo- 
logical Survey,  Biu-eau  of  Mines,  Office  of  Public  Roads,  and  the 
Bureau  of  Standards  for  a  cooperative  study  of  the  various 
deposits  of  stone  in  the  United  States. 

The  part  of  this  work  undertaken  by  the  Bureau  of  Standards 
is  the  determination  of  the  physical  and  chemical  properties  of 
the  stone  to  establish  its  value  for  use  in  masonry  structures. 
So  far  the  work  of  this  Bureau  in  the  investigation  has  been  con- 
fined mainly  to  the  laboratory,  but  it  is  proposed  to  later  supple- 
ment this  with  an  extensive  study  of  structures  illustrating  the 
uses  of  the  various  types  under  various  conditions  and  periods 

of  exposure. 
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This  investigation  was  started  with  the  study  of  marble,  and 
it  was  intended  to  complete  this  material  before  taking  up  another 
t3'pe.  The  laboratory  work,  however,  has  been  confined  to  the 
developed  quarries,  owing  to  the  difficulty  of  securing  samples 
from  the  imdeveloped  deposits.  It  is  proposed  to  supplement 
this  report  with  subsequent  studies  of  other  marble  deposits, 
together  with  more  extensive  experiments  on  the  weathering 
qualities  of  the  types  here  reported. 

Acknowledgment  is  made  to  T.  Xelson  Dale  and  G.  F.  Lough- 
lin,  geologists  of  the  United  States  Geological  Sm^'ey,  and  Oliver 
Bowles,  quarr}'  technologist.  Bureau  of  Mines,  for  assistance  in 
securing  samples.  For  assistance  rendered  by  members  of  the 
Bureau  staff  acknowledgment  is  made  to  G.  J.  Hough  and  H.  A. 
Bright  for  chemical  analyses,  H.  L.  Cm-tis  for  volume-resistivity 
measurements,  and  L.  ^\'.  Schad  for  thermal-expansion  determi- 
nations. 

II.    PURPOSE  OF  STONE  TESTING 

Stone  in  actual  use  is  required  to  bear  certain  stresses  and  resist 
the  action  of  a  number  of  destructive  agents.  The  first  require- 
ment is  that  the  stone  shall  have  sufficient  strength  to  safely 
support  the  weight  of  the  superimposed  masoruy  and  any  other 
loads  that  may  come  upon  it.  The  compressive  strength  of 
stone  is  nearly  always  sufficient  for  the  requirements  of  ordinary 
structiures.  Theoretically  a  stone  with  a  compressive  strength 
of  6000  pounds  per  square  inch,  weighing  1 70  pounds  per  cubic 
foot,  could  be  built  into  a  tower  over  5000  feet  high  before  the 
lower  course  would  fail  by  crushing.  Few  stones  have  a  com- 
pressive strength  less  than  this,  and  many  test  as  high  as  20  000 
pounds  per  square  inch.  There  are,  however,  other  factors  that 
come  into  consideration  when  the  stone  is  placed  in  the  structure : 
First,  in  a  wall  of  masonrv-  or  a  pier  the  load  is  probably  never 
uniformly  distributed  over  the  individual  members  of  the  different 
com-ses — that  is,  some  stones  support  more  than  their  share  of 
the  load,  while  others  may  receive  practicall)'  no  load  at  all,  due 
to  the  manner  of  bedding — second,  the  element  of  fatigue  must 
be  considered,  as  a  stone  under  continuous  stress  will  finally 
break  under  a  ver\'  much  lighter  load  than  it  will  stand  for  a 
short  time;  third,  the  stresses  due  to  the  loads  may  be  greatly 
augmented  (a)  by  expansion  and  contraction  of  the  stone;  (6) 
by  the  expansion  of  water  in  the  pores  while  freezing,  and  (c) 
by  vibrations  in  some  structures,  such  as  bridge  piers.  Stone  is 
frequently  used  for  beams,  as  in  the  case  of  lintels,  where  the 
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stone  is  required  to  carry  a  weight  of  masonry  above  doors  and 
windows.  Here  the  stone  is  subjected  to  bending  or  transverse 
stresses.  The  resistance  of  stone  to  this  kind  of  stress  is  com- 
paratively low,  and  hence  the  determination  of  the  transverse 
strength  of  the  stone  previous  to  use  for  beams  is  important. 

Stone  used  in  floors,  steps,  sidewalks,  and  pavements  is  sub- 
jected to  an  abrading  action  and  the  stone  chosen  for  these 
purposes,  other  things  being  equal,  should  be  the  one  that  shows 
the  greatest  endurance  under  such  conditions.  Frequently  stone 
is  required  to  resist  abrasion  in  bridge  piers,  breakwaters,  etc., 
because  of  the  water  carrying  sand  against  the  surface.  In  cer- 
tain localities  the  walls  of  stone  buildmgs  are  worn  to  a  consid- 
erable extent  on  account  of  strong  winds  blowing  sand  against 
the  surface. 

Probably  the  most  destructive  agent  for  stone  when  exposed 
to  the  weather  is  frost.  In  humid  climates  having  cold,  change- 
able winters  this  action  is  most  marked,  and  many  varieties  of 
stone  show  signs  of  disintegration  after  a  few  years  of  exposure. 

A  study  of  the  durability  of  various  types  of  stone  in  New 
York  City  was  made  by  Alexis  A.  Julien  and  is  included  in  the 
Tenth  Census  of  the  United  States,  volume  lo,  pages  364  to  393. 
This  study  is  valuable,  first,  in  indicating  the  relative  durability 
of  different  stones  in  the  structures  of  that  city;  and  second,  in 
pointing  out  architectural  defects  which  cause  parts  of  buildings 
to  disintegrate  where  other  parts  do  not  suffer.  The  estimate 
of  the  "life"  of  different  types  of  stone  was  based  on  observa- 
tions of  buildings  and  represents  the  period  the  stone  will  endure 
until  disintegration  renders  it  so  unsightly  in  appearance  that 
repair  is  necessary.  This  estimate  assigns  the  dm^ability  of  dif- 
ferent types  as  follows : 

Coarse  brownstone S  *"  ^^5  years. 

Laminated  fine  brownstone 20  to  50  years. 

Compact  fine  brownstone 100  to  200  years. 

Bluestone Untried,  probably  centuries. 

Nova  Scotia  stone Uniried,    probably    50    to    200 

years. 

Ohio  sandstone  (best  siliceous  variety) Perhaps  from  one  to  many  cen- 
turies. 

Limestone,  coarse  fossiliferous 20  to  40  years. 

Limestone,  fine  oolitic  (French) 30  to  40  years. 

Marble,  coarse  dolomitic 40  years. 

Marble,  fine  dolomitic 60  to  80  years. 

Marble,  fine 50  to  200  years. 

Granite 75  to  200  years. 

Gneiss 50  years  to  many  centuries. 
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The  defects  in  architecture  pointed  out  in  this  report  were 
mainly  those  of  projecting  copings,  lintels,  sills,  brackets,  etc., 
where  no  means  wei'e  provided  to  prevent  the  water  from  flowing 
over  these  and  soaking  the  masonry  below.  Where  rain  falls  on 
the  top  surface  of  a  projection  it  runs  off  over  the  outer  edge  and 
following  the  lower  surface  reaches  the  wall,  which  becomes  soaked 
for  some  distance  below.  Also  snow  which  is  allowed  to  remain 
on  these  projections  finally  melts  and  causes  the  same  difficulty. 
By  the  simple  means  of  "throating" — that  is,  making  a  groove 
in  the  lower  surface  of  projecting  members — this  difficulty  is 
overcome,  as  the  water  when  it  reaches  this  groove  drops  to  the 
ground.  Also  the  upper  surface  of  projecting  masonry,  if  left 
horizontal,  absorbs  much  water  and  causes  the  adjacent  wall  to 
become  soaked  for  some  distance  up.  Such  conditions  in  winter 
cause  excessive  disintegration  at  these  places.  Hence,  much  can 
be  accomplished  by  the  architect  to  lengthen  the  life  of  the  stone. 

The  above-mentioned  report  is  apparently  the  first  attempt  in 
this  country  to  establish  the  relative  durability  of  different  types 
of  stone.  Although  the  data  given  apply  strictly  to  one  locality, 
they  may  be  considered  to  have  a  relative  value  for  the  greater 
portion  of  the  country. 

A  great  deal  of  useful  information  concerning  a  stone  may  be 
obtained  from  laboratory  tests.  The  ultimate  strength  in  com- 
pression, cross  bending,  and  tension  may  be  definitely  obtained, 
and  the  results  are  useful  to  the  architect  and  engineer  when  the 
question  of  strength  comes  into  consideration.  The  action  of 
destructive  agents  may  be  closely  imitated,  and  by  measuring 
the  amount  of  this  over  a  given  period  of  time  an  idea  can  be 
gained  of  the  durability  of  the  stone  under  such  action.  Hence 
the  purpose  of  laboratory  tests  is  to  determine  the  suitability  of 
the  different  stones  for  use  under  given  conditions  and  to  estab- 
lish as  nearly  as  possible  the  length  of  service  that  may  be  expected 
from  the  various  types. 

III.    SELECTION  OF  SAMPLES  FOR  TEST 

In  most  cases  the  samples  herein  reported  were  selected  by  rep- 
resentatives of  the  United  States  Geological  Survey  or  the  Bureau 
of  Mines.  In  a  few  cases  the  selection  was  left  to  the  producers. 
So  far  as  possible  the  samples  were  chosen  to  represent  the  aver- 
age product  of  the  quarries.  When  these  samples  were  cut  into 
test  pieces,  slabs  8  by  12  inches  were  retained  for  reference  and 
futiure  comparison. 


A 
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Fig.    I. — Specimens  of  marble  prepared  for  tests 

(a)  Platefor  electrical  resistivity  determination.   C6)  bar  for  thermal  expansion  measurement,   (c)  cubes  for  compression,  absorp- 
tion, apparent  specific  gravity,  and  freezing  tests,  (d)  briquets  for  tensioa  tests,  (e)  bar  for  transverse  test 


3ureau  of  Standards  Technologic  Paper  No.  123 


F,G.  ^.-Sho^^.ng  manner  of  hrcakxng  in  compnssxon  tests  on  cubes,  cylinders,  and  prisms 


Properties  of  Marble  7 

IV.    PREPARATION  OF  TEST  SPECIMENS 

The  samples  secixred  from  the  quarries  for  testing  in  this 
investigation  were  appraximately  i  by  i  by  2  feet.  The  test 
specimens  were  prepared  from  these  blocks  by  sawing  them, 
first  into  slabs  with  a  48-inch  carborundum-tooth  wheel  and 
then  into  cubes,  beams,  etc.,  with  a  30-inch  carborundum-rim 
wheel.  The  cubes,  which  were  made  for  compression,  absorption, 
apparent  specific  gravity,  and  freezing  tests,  were  cut  approxi- 
mately 2^  inches  in  size  and  finished  by  grinding  on  a  fine 
carborundum  grinding  lap.  The  faces  of  the  cubes  which  were 
to  receive  the  load  in  the  compression  tests  were  gro'und  as 
nearly  parallel  as  possible  by  the  following  method :  One  face  was 
first  ground  to  a  plane  surface,  which  was  determined  by  testing 
it  on  a  glass  plate  until  all  the  edges  rested  in  contact.  The 
opposite  face  was  then  ground  as  nearly  parallel  to  this  as  could 
be  determined  with  a  pair  of  outside  calipers.  The  broad  faces 
of  the  transverse  pieces  were  ground  parallel  in  the  same  manner. 
All  cubes  used  for  determining  the  apparent  specific  gravity, 
water  absorption,  and  loss  due  to  frost  action  were  rounded  slightly 
on  the  edges  to  prevent  a  loss  due  to  crumbling  diuing  the  test. 

The  briquets  for  tension  tests  were  prepared  as  far  as  possible 
from  the  pieces  used  in  determining  the  transverse  strength. 
These  pieces  were  purposely  cut  to  the  proper  cross  section,  and 
after  being  broken  transversely  the  ends  were  squared  and  grooved 
on  the  opposite  faces  with  a  carborundum  fluting  wheel.  This 
wheel  was  2  inches  thick  and  had  the  comers  beveled  at  45°,  so 
that  the  flute  obtained  was  composed  of  three  plane  surfaces,  each 
three-fourths  of  an  inch  wide.  The  grooved  pieces  were  then 
sawed  transversely,  giving  briquets  with  a  cross  section  of  i 
square  inch. 

The  complete  set  of  specimens  prepared  from  each  sample 
consisted  of  12  cubes,  one-half  finished  for  compression  tests 
"on  bed"  and  one-half  for  compression  tests  "on  edge";  4  pieces 
for  transverse-strength  tests;  2  prepared  for  tests  perpendicular 
to  the  bedding  and  2  for  tests  parallel  to  the  bedding ;  6  briquets 
for  tension  tests;  3  perpendicular  to  the  bedding  and  3  parallel 
to  the  bedding;  1  bar  for  expansion  measurements  i  by  i  by  30 
cm;  and  i  plate  for  electrical  resistivity  10  by  10  by  i  cm.  The 
prepared  specimens  are  illustrated  in  Fig.  i  and  the  tests  are 
described  in  the  following  sections. 
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V.    COMPRESSION  TESTS 

The  compressive  strength  of  stone  is  determined,  first,  to 
find  what  loads  it  will  support  in  structm-es;  second,  in  the  labo- 
ratory to  study  various  treatments  which  may  cause  a  loss  of 
strength,  such  as  continuous  soaking  in  water,  repeated  freezing 
and  thawing,  repeated  heating  and  cooling,  etc. 

The  compression  tests  in  this  report  were  made  on  a  200,000- 
poimd,  foiu--screw,  universal  testing  machine.  The  cubes,  after 
being  carefully  prepared  and  measured,  were  centered  on  a 
6>^-inch  spherical  bearing  block  on  the  table  of  the  machine. 
One  thickness  of  blotting  paper  was  placed  below  and  one  above 
the  cube  to  allow  for  any  slight  inequalities  in  the  surface  of  the 
cube  or  the  metal  bearing  plates  of  the  machine.  The  head  of  the 
machine  was  then  brought  down,  and  when  almost  in  contact 
with  the  upper  face  of  the  cube  a  slow  speed  was  used.  \\"hile  the 
head  of  the  machine  was  coming  do^vn  to  a  firm  bearing  the 
operator  gripped  the  plate  of  the  spherical  block  with  both  hands 
and,  holding  the  cube  in  the  center  with  thumbs  and  forefingers, 
revolved  the  plate  and  cube  slightly  to  right  and  left  to  bring  the 
lower  plate  parallel  to  the  bearing  face  of  the  descending  head. 
This  was  to  insure  the  uniform  contact  and  application  of  the 
load  over  the  entire  area  of  the  cube  faces.  Experiments  were 
made  to  determine  the  effect  of  different  procedures  in  making 
this  test  w^ith  a  view  of  securing  more  tmiform  results.  Different 
sizes  of  spherical  blocks  were  tried,  placed  above  and  below  the 
specimen.  Also,  two  spherical  blocks  were  tried  at  the  same 
time,  placing  one  above  and  one  below  the  cube.  These  experi- 
ments indicated  that  the  greatest  uniformity  could  be  obtained 
by  using  the  6>^-inch  spherical  block,  and  this  could  be  placed 
above  or  below  the  specimen  with  equal  results  so  long  as  proper 
care  was  exercised  in  centering  and  securing  uniform  application 
of  the  load.  One  point  in  the  use  of  a  spherical  block  should  be 
carefully  noted — i.  e.,  the  specimen  must  be  accurately  centered 
over  the  spherical  bearing;  otherwise  the  load  will  be  applied 
eccentrically  and  one  side  of  the  specimen  will  receive  a  much 
higher  load  than  the  other,  due  to  the  moment  of  the  load  about 
the  center  of  the  block  tending  to  tip  the  bearing  plate. 

With  all  the  care  that  can  be  exercised  in  preparing  good  speci- 
mens and  testing  them,  a  considerable  variation  of  results  may  be 
obtained  on  the  same  material.     A  series  of  three  shapes  of  speci- 
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mens  was  carefully  prepared  and  tested  to  determine  the  varia- 
tion that  should  be  expected  under  the  best  conditions  and  the 
relation  of  the  results  for  different  shapes  of  specimens.  The 
manner  in  which  these  specimens  broke  is  illustrated  in  Fig.  2, 
and  the  results  of  the  experiments  are  given  as  follows : 

Series  A. — Compression  Tests  on  1 1  Cubes  of  a  Uniform-Texture  White  Marble 


Cube  No. 

Face 
dimensions 

Height 

Sectional 
area 

Ultimate 
load 

Unit 
strength 

1 

Inches 
2. 64  by  2. 67 
2.  64  by  2.  64 
ie.  64  by  2.  66 
2.  62  by  2.  68 
2.  64  by  2.  66 
2.  64  by  2.  63 
2.  66  by  2.  66 
2.  66  by  2.  65 
2.  65  by  2.  63 
2.  68  by  2.  70 
2.  63  by  2.  65 

"'Inches 

2.62 
2.62 
2.64 
2.62 
2.62 
2.63 
2.63 
2.61 
2.62 
2.50 
2.63 

Inches  a 

7.05 
6.97 
7.02 
7.02 
7.02 
7.07 
7.08 
7.05 
6.97 
7.24 
6.96 

Pounds 
66  350 
62  450 

62  810 
64  950 
64  060 
66  000 

63  280 

64  080 
61790 
69  960 

65  000 

Lbs-Zin." 
9411 
8951 
8947 

9252 
9125 
9335 
8938 
9089 
8865 
9663 
9340 

2 

3            

4 

5                

6 

7 

8         

9 

10        

11 

Average 

9174 

a  Maximum  deviation  from  the  mean  equals  4S9  pounds,  equals  5.3  per  cent. 

Series  B. — Compressive  Strength  on  Nine  Prisms 

[Prepared  from  same  sample  as  the  cubes  in  Series  A] 


•    Prism  No. 

Sectional 
dimension 

Height 

Sectional 
area 

Ultimate 
load 

Unit 
strength 

1 

Inches 
2.  62  by  2.  62 
2. 66  by  2.  68 
2.  64  by  2.  66 
2.  64  by  2.  65 
2.  60  by  2.  68 
2.  60  by  2.  69 
2.  64  by  2.  68 
2.  64  by  2.  66 
2.  64  by  2.  60 

Inches 
5.68 
5.50 
5.62 
5.65 
5.66 
5.62 
5.70 
5.65 
5.65 

Inches  a 
6.86 
7.13 
7.02 
7.00 
6.96 
7.00 
7.07 
7.02 
6.86 

Pounds 

55  520 
52100 
54  730 

53  340 

54  640 

55  100 
54  740 

54  830 

55  520 

Lbs./in.o 
8093 
7307 
7796 
7620 
7851 
7871 
7742 
7811 
8093 

2 r 

3 

4 

5 

6 

7 

8 

9 

7828 

«  Maximum  deviation  from  mean  equals  521  p(Amds,  equals  6.7  per  cent, 
96674°— 19 2 
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Series  C. — Compressive  Strength  on  Nine  Prisms  of  a  tJnifonn-Texture  Pink 

Mprble 


Prism  No. 

Sectional 
dimension 

Height 

Sectional 
area 

Uhimate 
load 

Unit 
strength 

I                               

Inches 
2.  65  by  2.  70 
2.  67  by  2.  66 
2.  67  by  2.  68 
2.  66  by  2.  65 
2.  65  by  2.  65 
2.  70  by  2.  63 
2.  63  by  2.  67 
2.  63  by  2.  65 
2.  70  by  2. 66 

Inches 

5.90 
5.90 
5.90 
5.90 
5.90 
5.90 
5.90 
5.67 
5.80 

Inches  <■ 
7.16 
7.10 
7.15 
7.05 
7.02 
7.10 
7.02 
6.97 
7.18 

Pounds 

120  020 
124  300 

137  130 
124  770 
118  120 
136  940 

138  650 

139  710 
130  030 

Lbs.^.o 
16  762 

17  509 

3      

19  179 

4                                  

17  698 

5                 

16  826 

6      

19  287 

7 

19  750 

8                                  

20  044 

18  110 

IS  352 

a  Maximum  deviation  from  mean  equals  1692  potmds,  equals  9.2  per  cent. 
Series  D. — Compressive  Tests  on  Nine  Cylinders  of  Same  Marble  as  Series  C 


Cylinder  No. 

Diameter 

Height 

Sectional 
area 

Ultimate 
load 

Unit 
strength 

Inches 

2.92 
2.92 
2.92 
2.92 
2.92 
2.92 
2.92 
2.92 
2.92 

Inches 

5.70 
5.70 
5.65 
5.70 
5.70 
5.75 
5.70 
4.15 
4.70 

Inches  o 
6.70 
6.70 
6.70 
6.70 
6.70 
6.70 
6.70 
6.70 
6.70 

Pounds 

127  420 
130  070 

128  500 
116  410 
122  970 

121  420 

122  100 
135  240 
134  160 

Lbs.An." 
19  018 

2                                       

19  404 

19  180 

4                                                   

17  374 

5                                   

18  354 

6  .      

18122 

7 

18  224 

8                 ..           ..           

20185 

20  023 

18S76 

, 

o  Maximum  deviation  from  mean  equals  1.502  pounds,  equals  8  per  cent. 

It  should  be  noted  that  the  results  recorded  in  the  last  two 
cases  were  obtained  on  a  different  sample  from  those  in  the  first 
two. 

However,  by  comparison  the  following  relations  between  the 
different  shapes  may  be  obtained : 

Strength  of  prisrq  of  dimensions  hXhX2h 
Strength  of  cube  of  dimensions  AX  AX  A    ~°'  ■' 

Strength  of  prism  of  dimensions  hy.hy.2_h 

Strength  of  cylinder  of  diameter=i.i  h,  height=2  A"~  '"' 

Strength  of  c^^inder  diameter=i.i  h,  height=2  h 
Strength  of  cube  of  dimensions /iXAXA  ~°'   ' 

In  this  series  of  tests  practically  no  difference  in  strength  was 
indicated  between  the  cylinders  and  prisms  of  the  same  height. 


(i) 


(2) 


(3) 
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The  cubes  showed  about  one-eighth  more  strength  than  the  cyl- 
inders and  prisms  of  twice  the  height  of  the  cubes.  More  uni- 
formity was  obtained  with  the  cubes,  and  here  the  maximum  devi- 
ation from  the  mean  was  5.3  per  cent. 

In  determining  the  compressive  strength  of  a  sample  of  stone, 
three  tests  are  usually  made  and  the  average  taken  as  the  correct 
value.  Considering  the  average  of  the  1 1  tests  on  cubes  in  the 
first  table  as  the  correct  value  for  that  sample,  then  the  maxi- 
mum deviation  of  the  average  of  any  three  consecutive  tests  of 
this  series  from  this  value  is  210  pounds,  or  2.3  per  cent,  and  the 
mean  deviation  of  any  three  consecutive  tests  from  this  value 
is  85  pounds,  or  0.9  per  cent. 

The  results  of  this  investigation  show  a  great  range  in  compres- 
sive strength  for  marble.  The  lowest  was  7850  pounds  per  squaix 
inch  on  a  white  calcite  marble  from  Vermont,  and  the  highest 
was  50  205  on  a  red  dolomitic  marble  from  the  same  state.  As 
a  rule,  the  dolomitic  marbles  appear  to  be  stronger  than  the 
calcite  marbles.  The  two  serpentines  included  in  this  report  gave 
high  compressive  strength  both  "  on  bed  "  and  "  on  edge,"  although 
considerably  less  "  on  edge." 

VI.   TRANSVERSE  STRENGTH  TESTS 

The  transverse  tests  in  this  investigation  were  made  on  bars 
of  the  marble  3  by  i^  inches  in  section  and  6  to  12  inches  in 
length.  The  pieces  were  supported  on  adjustable  knife-edges  at 
the  ends  placed  on  the  bed  of  a  20  coo-pound,  three-screw  com- 
pression machine  and  the  load  applied  by  means  of  a  third  knife- 
edge  at  the  center  of  the  span.     The  breaking  load  was  recorded 

and   the   unit    strength  computed  from  the  formula    R  =  " 

where  R  equals  modulus  of  rupture  in  cross  breaking,  W  equals 
breaking  load,  /  equals  length  between  the  supporting  knife- 
edges,  b  equals  breadth  of  specimen,  and  d  equals  depth  of  speci- 
men. The  quantity  R  represents  the  maximum  unit  strength 
of  the  material  when  used  as  a  beam  and  may  be  used  to  propor- 
tion blocks  of  the  material  which  are  to  be  placed  under  bending 
stresses  in  structures. 

This  is  a  very  important  test  because  of  the  comparatively 
low  transverse  strength  of  stone  and  its  frequent  use  where  it 
is  required  to  support  considerable  weight.  The  frequent  fail- 
ures of  lintels  indicate  the  lack  of  attention  on  the  part  of  archi- 
tects to  the  transverse  strength  of  the  stone.     The  loads  should 
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be  carefully  considered  and  a  large  factor  of  safety  allowed  in 
proportioning  all  members  of  stone  to  be  used  under  this  condi- 
tion of  stress. 

The  tests  in  this  investigation  were  made  in  both  directions 
of  the  bedding;  i.  e.,  half  of  the  specimens  from  each  sample 
were  cut  with  the  long  dimension  parallel  to  the  bedding  and 
half  with  the  long  dimension  perpendicular  to  the  bedding.  The 
transverse  strength  is  usually  very  low  parallel  to  the  bedding. 
Hence  stone  should  be  used  under  this  condition  of  stress  with 

caution. 

VII.    TENSILE  TESTS 

Tensile  tests  are  seldom  made  on  stone,  apparently  for  the 
reason  that  the  results  have  no  direct  application  to  actual  use. 
The  first  determinations  of  this  kind  were  made  by  Hirshwald 
to  determine  the  softening  effect  of  water.  He  determined  this 
by  testing  two  bars  of  the  stone  in  tension,  one  dry  and  the  other 
after  a  period  of  soaking  in  water.  The  quotient  obtained  by 
dividing  the  strength  of  the  wet  sample  by  that  of  the  dry  sample 
was  termed  the  coefficient  of  softening  and  was  regarded  by  him 
as  an  indicator  of  the  durability  of  the  stone. 

The  tensile  tests  in  this  report  were  made  on  briquets  of  the 
form  illustrated  by  Fig.  i  (d)  and  were  made  on  a  20  000-pound, 
three-screw  testing  machine,  using  the  grips  employed  in  cement- 
testing  machines.  The  results  show  a  range  of  from  2254  pound 
per  square  inch  for  the  oriental  marble  of  Vermont  to  1 54  pound 
per  square  inch  for  West  Rutland  green  marble  of  the  same 
state.  WTiile  these  values  may  have  no  application  to  stresses 
in  structures,  they  show  the  relative  cohesive  strengths  of  the 
marbles,  which  are  useful  in  showing  how  well  the  materials  will 
stand  carving.  This  test  might  well  be  applied  in  the  durability 
test  instead  of  in  the  compression  test;  that  is,  instead  of  deter- 
mining the  effect  of  freezing  on  the  compressive  strength  it  is 
just  as  rational  to  determine  what  the  effect  would  be  on  the 
tensile  strength.  This  would  facilitate  the  process  considerably 
in  testing  marbles  and  limestones  on  account  of  the  greater 
simplicity  in  preparing  the  test  pieces  and  the  shorter  time 
required  in  making  the  test.  However,  it  appears  that  a  greater 
range  in  results  is  obtained  from  tensile  tests  than  compression 
tests.  This  is  probably  due  to  the  presence  of  invisible  strain 
lines  in  the  material  which  affect  the  tensile  strength  more  than 
the  compressive  strength.     The  presence  of  these  strain  lines  is 
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Fig.  4. — Side  views  of  the  samples  shoivn  in  Fig.  j 
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indicated  in  the  illustrations  in  Figs.  3  and  4,  which  show  the 
manner  in  which  a  set  of  briquetes  broke  in  tension.  The  briquets 
were  cut  from  adjacent  portions  of  the  sample  and  show  the  rup- 
ture following  a  definite  direction.  This  indicates  clearly  the 
lines  of  weakness,  which  in  most  cases  could  not  be  discerned 
otherwise.  The  cases  illustrated  were  the  most  marked  of  all 
the  samples  tested,  but  it  may  be  said  that  the  greater  portion 
showed  indications  of  the  presence  of  these  strain  lines.  These 
local  faults  are  evidently  harmful  to  the  stone,  since  they  furnish 
a  means  of  more  ready  access  to  water  as  well  as  causing  lines 
of  weakness. 

VIII.   EFFECT  OF  FREEZING  AND  THAWING 

The  determination  of  the  effect  of  freezing  water  in  the  pores 
of  stone  is  probably  the  most  important  laboratory  test  that  can 
be  made  on  material  which  is  to  be  exposed  to  the  weather.  This 
is  done  by  repeated  freezings  and  thawings  of  cubes  of  the  stones 
that  are  kept  continually  wet  throughout  the  process.  The  tests 
for  this  report  were  made  as  follows :  The  cubes  used  for  the  absorp- 
tion and  apparent  specific-gravity  tests  were  taken  out  of  the 
water  after  48  hours  of  immersion  and  placed  in  the  freezing 
chamber.  When  completely  frozen,  they  were  taken  out  and 
placed  in  warm  water  imtil  thawed  out;  then  cold  water  was  turned 
on  until  they  were  cooled  again,  after  which  they  were  returned 
to  the  freezing  chamber.  This  operation  was  repeated  30  times 
and  then  the  cubes  were  dried  at  110°  C  to  constant  weight. 
The  final  weight  was  obtained  and  compared  with  the  original 
to  determine  whether  there  was  any  loss  in  weight.  The  cubes 
were  carefully  examined  for  signs  of  disintegration  and  then 
tested  in  compression  to  determine  whether  there  was  any  loss 
in  strength.  Table  3  gives  the  results  of  the  compression  tests 
after  freezing,  and  Table  4  gives  a  comparison  of  the  strength 
obtained  on  dry,  wet,  and  frozen  cubes;  also  the  change  in  weight 
on  freezing. 

This  table  shows  a  loss  in  weight  for  practically  all  the  samples 
and  a  loss  in  strength  for  the  greater  portion.  It  has  been  shown 
that  results  of  compression  tests  may  vary  considerably  from  the 
correct  value,  even  under  the  best  conditions.  In  this  series 
two  cubes  were  tested  "  on  bed  "  and  two  "  on  edge,"  and  the  mean 
was  taken  for  each  set  of  two  and  compared  with  the  average  of 
the  two  tested  in  the  original  state.     Hence  an  allowance  should 
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be  made  for  the  probable  variation  of  this  mean  from  the  correct 
value.  Referring  to  the  table  on  page  lo,  it  is  found  that  the 
maximum  variation  of  any  two  consecutive  tests  from  the  average 
of  the  series  is  3.5  per  cent.  It  seems  proper,  then,  to  disregard 
all  changes  in  strength  equal  to  or  less  than  3.5  per  cent.  There 
arej  however,  several  samples  showing  an  increase  in  strength 
which  is  much  greater  than  this,  and  therefore  can  not  be  justly 
accounted  for  by  instrumental  variations.  This  is  a  feature 
that  very  often  occurs  in  the  freezing  test,  and  some  experi- 
menters account  for  it  by  instrumental  variations.  Dr.  Parks, 
of  the  Canada  Department  of  IMines,  in  his  report  on  the  "  Build- 
ing and  Ornamental  Stones  of  Canada,"  volume  i,  found  this  to 
occur  on  certain  limestones  and  sandstones.  He  suggests  the 
explanation  that  there  may  be  a  recementation  of  loosened 
particles,  due  to  the  process  of  heating  and  soaking,  which  may 
strengthen  the  stones.  To  show  that  such  a  recementation  is 
possible,  he  cites  an  interesting  case  which  occurred  at  Marmora, 
Ontario.  Here  a  lithograpliic  quarry  was  once  in  operation  and 
the  fine  dust  obtained  in  working  the  stone  was  barreled  for  use 
as  a  polishing  material.  Several  of  these  barrels  were  left  in 
the  mill,  and  by  the  simple  process  of  becoming  damp  and  dry'ing 
out,  protected  from  both  sun  and  rain,  the  contents  have  been 
converted  into  a  solid  mass  rivaling  the  stone  itself  in  hardness. 
Another  explanation  which  suggests  itself  in  connection  with 
marble  tests  is  the  fact  that  many  samples  of  marble  have  numer- 
ous strain  lines  which  produce  local  planes  of  weakness.  Hence 
if  cubes  were  frozen  that  happened  to  be  free  of  these,  while  those 
on  which  the  original  strength  was  determined  had  strain  lines, 
the  frozen  cubes  would  probably  show  a  greater  strength 
than  the  original.  On  the  other  hand,  many  cases  which  show 
a  great  loss  of  strength  in  freezing  may  be  explained  by  the 
reverse  conditions.  In  cases  showing  an  increase  of  strength 
on  freezing  or  a  considerable  loss  the  freezing  should  be  repeated, 
using  a  large  number  of  cubes  for  a  check.  At  the  best,  the 
results  of  30  or  40  freezings,  which  represent  the  usual  limits  of 
laboratory  practice,  are  not  conclusive.  Apparently  the  only  sure 
method  of  determining  the  action  of  freezing  is  to  subject  the 
stone  to  a  great  number  of  freezings;  i.  e.,  enough  to  show  plainly 
a  certain  amount  of  disintegration.  By  the  usual  method  of 
making  this  test  this  would  be  out  of  the  question  on  account  of 
the  length  of  time  it  would  require.     To  overcome  this  difl&culty. 
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an  automatic  apparatus  has  been  installed  at  the  Bureau  of 
Standards,  which  consists  of  a  low-temperature  chamber  and  a 
high-temperature  chamber  with  a  shifting  mechanism  operated 
by  a  small  electric  motor,  the  periods  of  which  are  controlled  by 
a  clock.  The  low  temperatures  are  maintained  by  a  one-half  ton 
refrigerating  machine  and  the  high  temperatures  by  a  steam  coil. 
It  is  believed  that  with  this  apparatus  48  freezings  can  be  made 
each  24  hours,  and  that  it  will  be  possible  to  carry  the  test  far 
enough  to  show  definite  results. 

In  the  freezing  tests  made  for  this  report  no  visible  disintegra- 
tion could  be  found  on  any  of  the  cubes.  This  indicates  that  in 
order  to  produce  definite  visible  results  a  great  number  of  freezings 
will  be  necessary. 

IX.   EFFECT  OF  SOAKING  IN  WATER 

As  previously  stated,  the  softening  effect  of  water  was  regarded 
by  Hirshwald  as  indicative  of  the  durability  of  stone.  It  may 
also  have  a  more  important  significance  in  certain  cases  where 
the  stone  is  used  in  bridge  piers  under  heavy  loads  and  strong 
vibrations.  Here  it  would  probably  prove  disastrous  to  use  a 
stone  of  low  strength  that  would  be  much  weakened  by  the  con- 
tinued saturation  at  the  base. 

The  compression  tests  in  this  report  were  made  on  dry  cubes 
and  also  on  cubes  after  two  weeks'  soaking  in  water.  A  loss  in 
strength  is  shown  in  nearly  every  case,  and  in  some  cases  the  loss 
is  considerable.  Table  4  gives  a  summary  of  the  compression 
tests  on  cubes  dry,  wet,  and  frozen  and  the  percentage  change 
in  strength  due  to  freezing  and  that  due  to  soaking.  It  will  be 
noted  from  this  that  the  loss  due  to  soaking  is  sometimes  greater 
than  the  loss  in  the  freezing  test,  and  more  general.  This  may 
be  brought  about  in  two  ways  or  by  a  combination  of  these. 
First,  the  soaking  may  cause  a  weakening  of  the  cementing  mate- 
rial holding  the  individual  crystals  together;  second,  it  may 
diminish  the  friction  between  these  crystals  and  facilitate  a  slid- 
ing in  any  given  direction.  The  first  effect  would  be  shown  by 
the  tensile  test,  and  is  the  factor  determined  by  Hirshwald. 
The  combined  effect  is  shown  by  the  compression  test,  since  here 
the  specimen  fails  by  shearing  off  along  inclined  planes. 
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X.    EFFECT  OF  REPEATED  TEMPERATURE  CHANGES 

The  results  obtained  in  measuring  the  linear  expansion  of 
marble  for  temperature  changes  show  a  phenomenon  which  indi- 
cates that  there  is  a  permanent  change  in  the  internal  structure 
of  the  material  for  each  change  of  temperature.  When  the  sam- 
ple was  measured  at  ascending  temperatures  from  o°  to  60°  C, 
there  was  found  to  be  a  gradual  increase  in  the  coefficient  of 
expansion.  As  the  temperature  was  lowered  the  contraction 
curve  was  similar  to  the  expansion  curve,  but  did  not  coincide 
with  it — i.  e.,  the  sample  did  not  regain  its  fonner  length,  but 
remained  slightly  longer.  A  number  of  repetitions  of  this  opera- 
tion showed  for  each  trial  a  similar  effect,  and  the  length  of  the 
specimen  increased  slightly. 

In  order  to  determine  whether  repeated  heatings  to  tempera- 
tures which  do  not  affect  the  chemical  composition  of  the  marble 
cause  any  weakening  or  disintegration,  a  set  of  cubes  was  prepared 
from  a  white  calcite  marble.  Eleven  of  these  were  tested  in 
the  original  state,  and  18  were  repeatedly  heated  in  the  electric 
oven  to  150°  C.  After  50  heatings  to  this  temperature  9  were 
tested  in  compression  in  the  same  mamier  as  the  original  cubes. 
The  remaining  9  cubes  were  heated  to  this  temperatiure  100 
times  and  then  tested. 

The  following  statement  shows  the  compressive  strength  of 
marble  in  various  states: 


' 

tTnit  strength— 

Ultimate 

strength 

alter  100 

heatings  at 

150°  C 

Cube  number 

In  original 
state 

After  50 

beatings  at 

1S0"C 

9411 
8951 
8947 
9252 
9125 
9335 
8938 
9089 
8865 
9663 
9340 

8SS3 
9505 
8383 
9196 
8932 
9048 
8822 
9329 
8880 

9028 

2                                                                             

7742 

3        

8430 

4                     .                                                            .           

8682 

5      

8567 

6 

8461 

7          

9068 

B 

8276 

9                         

8313 

10                                                                           »- 

11                       

9174 

8998 

8507 
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These  tests  show  a  loss  in  strength  for  the  heated  cubes  as 
follows : 

Cubes  heated    50  times  to  150°  C,  loss  1.9  per  cent 
Cubes  heated  100  times  to  150°  C,  loss  7.3  per  cent 

The  result  of  30  freezings  on  this  same  sample  of  marble  shovi  ed 
a  loss  of  7.3  per  cent  in  strength.  Hence  it  appears  that  30 
freezings  on  this  sample  produced  as  much  deterioration  as  100 
heatings  to  150°  C.  These  results,  however,  can  not  be  said  to 
represent  the  effects  of  actual  weathering,  first,  because  both  of 
these  tests  were  made  under  arbitrary  conditions,  which  are  neces- 
sarily more  severe  than  the  actual  conditions;  second,  because' 
diurnal  temperature  changes  act  continuously  while  freezing 
occurs  during  only  a  part  of  the  time.  Thus  it  seems  that  while 
freezing  produces  a  more  serious  effect  on  the  stone  the  limited 
occurrence  of  this  may  tend  to  equalize  the  effects,  or,  on  the 
whole,  more  harm  may  be  done  by  temperatvu-e  changes  alone. 
However,  some  samples  are  affected  more  by  freezing  than 
others,  and  it  is  possible  that  different  results  would  be  obtained 
on  repeated  heatings  of  different  types.  Extensive  experimenta- 
tion is  necessary  to  determine  these  effects,  and  this  should  be 
carried  out  on  types  of  stone  that  have  been  in  use  under  exposure 
for  a  long  period  of  time,  so  that  a  comparison  can  be  made 
between  the  laboratory  results  and  that  of  actual  weathering. 

XI.   ABSORPTION  TESTS 

The  amoimt  of  water  which  a  stone  will  absorb  has  often  been 
stated  to  represent  the  porosity.  This  is  a  misconception,  because 
stone  seldom,  if  ever,  becomes  completely  saturated  with  water. 
In  the  first  place,  a  certain  percentage  of  the  pores  of  every  stone 
are  probably  isolated;  i.  e.,  entirely  sealed  and  could  not  be 
filled  with  water.  Those  pores  which  are  continuous  for  a  certain 
distance  and  are  then  closed  will  contain  air  which  will  in  most 
cases  prevent  the  entrance  of  water.  Absorption  tests  and 
porosity  tests  made  for  this  report  indicate  that  in  2^4 -inch 
cubes  of  marble  the  pore  space  is  often  less  than  one-half  filled  by 
48  hours'  immersion.  In  only  one  case  did  the  absorption  value 
exceed  nine-tenths  of  the  total  pore  space,  and  the  average  ratio 
of  the  absorption  to  the  total  pore  space  is  about  as  2:3.  Under 
actual  conditions  of  exposiu-e,  in  masonry  above  the  ground,  the 
amount  of  water  absorbed  is  always  much  less  than  this,  while 
in  moist  ground  or  in  bridge  piers,  where  continuously  exposed 
to  moisture  or  water,  the  absorption  may  be  higher. 
96674°— 19 3 


1 8  Technologic  Papers  of  the  Bureau  of  Standards 

The  absorption  value  is  determined  to  show  the  probable 
effect  of  weathering.  The  more  water  the  stone  absorbs,  other 
things  being  equal,  the  more  softening  will  occur  and  the  more 
harm  will  be  done  by  atmospheric  acids.  It  was  formerly  thought 
that  the  higher  the  absorption  the  more  harm  would  be  done  by 
freezing;  but  this  theory  is  probably  wrong.  The  effect  of  freez- 
ing depends  so  much  on  other  considerations  that  it  can  hardly 
be  said  that  the  absorption  value,  especially  when  considered  in 
the  absence  of  other  tests,  indicates  anj-thing  in  regard  to  the 
effect  of  freezing. 

The  procedure  in  making  absorption  tests  in  this  investigation 
was  as  follows:  Cubes  were  used  for  this  test  which  were  later 
used  for  the  apparent  specific-gravity  determination  and  freez- 
ing tests.  These  cubes  were  smoothly  ground  on  all  faces  almost 
to  a  polish  and  the  sharp  edges  slightly  rounded.  They  were 
placed  in  an  electric  drj-ing  oven  and  dried  at  a  temperatiu-e  of 
iio°  C  for  48  hours.  After  cooling,  the  cubes  were  weighed  to 
the  nearest  0.0 1  g  and  placed  in  a  shallow  tray  containing  about 
I  inch  of  water.  Small  amounts  of  water  were  added  at  inter- 
vals until  the  cubes  w^ere  immersed.  After  48  hours  the  cubes 
were  taken  out  one  at  a  time,  carefully  dried  with  a  towel,  and 
immediately  weighed.  The  increase  in  weight  represents  the 
amount  of  water  absorbed.  The  percentage  of  absorption  is 
usually  expressed  as  the  ratio  of  the  weight  of  water  absorbed  to 
the  weight  of  the  dry  stone.  This  is  not  a  fair  way  of  expressing 
this  quantity,  since  the  specific  gravity  of  different  stones  vary 
considerably,  and  hence  the  heavier  stones  appear  to  have  less 
absorption  than  a  lighter  one,  when  in  reality  the  reverse  may 
be  true.  As  an  illustration,  consider  a  5  cm  cube  of  a  calcite 
marble  with  an  apparent  specific  gravity  of  2.70  and  a  5  cm 
cube  of  dolomitic  marble  with  an  apparent  specific  gravity  of 
2.85.  Suppose  the  first  absorbs  i  g  of  water  and  the  second 
1.05  g.  The  weight  of  the  calcite  cube  will  be  5  X  5  X  5  X 
2.70  =  337.5  g,  and  that  of  the  dolomite  5  X  5  X  5  X  2.85  = 
356.25  g.  The  absorption  values,  according  to  the  usual  manner 
of  expression,  would  be,  for  the  calcite,  i  X  100 -^  337.5  =0.296 
per  cent,  and,  for  the  dolomite,  1.05  X  100-^356.25=0.295  per 
cent.  Hence  it  appears  that  the  absorption  value  when  expressed 
in  this  way  is  deceptive  and  does  not  show  the  relative  amounts 
of  water  absorbed  by  different  samples.  The  example  cited  is  for 
stones  of  the  same  classification — viz,  marbles — and  here  the  dif- 
ference in  specific  gravity  does  not  vary  from  one  sample  to 
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another  to  a  great  extent,  but,  if  different  kinds  of  stone  are 
considered,  a  still  greater  discrepancy  will  be  apparent.  For 
instance,  some  igneous  stones  have  specific  gravities  above  3, 
while  occasionally  sandstones  run  as  low^  as  2.  Nevertheless,  it 
has  been  the  practice  to  express  the  absorption  value  for  all 
types  of  stone  as  the  ratio  of  the  weight  of  water  absorbed  to 
the  weight  of  the  stone.  This  is,  no  doubt,  due  to  the  fact  that 
the  determination  can  be  made  roughly  on  odd  shapes  of  stone 
without  further  trouble  than  that  of  making  two  weighings. 

The  proper  way  of  expressing  this  value  is  by  volume;  i.  e.,' 
the  volume  of  water  absorbed  by  a  certain  volume  of  stone. 
This  eliminates  the  discrepancy  caused  by  the  variation  in  the 
specific  gravity  of  different  stones  and  at  the  same  time  affords 
a  quantity  that  may  be  thought  of  in  terms  of  the  pore  space. 
To  determine  this,  however,  one  must  first  determine  the  weight 
of  the  water  absorbed  by  the  sample  and  then  determine  the 
volume  of  the  sample.  The  volume  of  the  sample  is  deter- 
mined in  the  apparent-specific-gravity  test,  and  in  this  investi- 
gation one  process  was  avoided  by  first  making  the  absorption 
test  and  then  determining  the  apparent  specific  gravity  of  the 
same  cubes.  This  latter  process  will  be  described  under  specific- 
gravity  tests.  Having  determined  the  weight  of  water  absorbed 
by  a  test  piece  and  also  the  volume  of  the  test  piece,  the  absorp- 
tion value  is  computed  by  dividing  the  weight  of  the  absorbed 
water  expressed  in  grams  by  the  volume  of  the  cube  in  cubic 
centimeters.  It  is  usually  more  convenient  to  express  this  as  a 
percentage  ratio  so  the  weight  of  water  is  multiplied  by  100  and 
divided  by  the  volume  of  the  specimen.  Table  9  gives  the 
absorption  values  of  the  samples  expressed  both  by  weight  and 
by  volume.  The  lowest  percentage-by-volume  value  obtained 
in  this  series  was  0.043  o"  ^  black  marble  from  Harrisonburg, 
Va.,  and  the  highest  1.193  on  a  gray  marble  from  Phenix,  Mo. 
This  latter  sample  possesses  some  properties  of  a  limestone,  and 
until  recently  was  regarded  as  such,  although  the  composition  is 
nearly  pure  calcium  carbonate,  and  the  polish  is  very  good. 
The  usual  limits  of  absorption  for  marble  appear  to  be  o.  i  per 
cent  and  0.56  per  cent,  by  volume. 

XII.    APPARENT  SPECIFIC  GRAVITY 

The  apparent  specific  gravity  is  the  specific  gravity  of  the 
stone,  regardless  of  the  pore  spaces  and  the  air  contained  therein. 
It  is  the  weight  in  grams  of  a  cubic  centimeter  of  the  dry  stone. 
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This  value  is  useful,  first,  in  detennining  the  weight  per  cubic 
foot  of  the  stone;  second,  as  an  aid  to  classification;  third,  for 
calculating  the  actual  pore  space;  fourth,  for  reducing  the  water 
absorption  of  a  stone  determined  by  weight  to  the  volume  ratio. 
The  apparent-specific-gravity  values  in  this  report  were  deter- 
mined on  the  cubes  which  were  used  for  the  absorption  test. 
Hence  the  determination  required  only  one  additional  operation, 
viz,  weighing  the  cubes  suspended  in  water.     The  values  were 

computed  from  the  formula  G  =  tt-t fj^  iii  which  G  equals  the 

apparent  specific  gravity,  11^  equals  the  weight  of  the  dry  cube, 
W2  equals  the  weight  of  cube  after  soaking  in  water  but  dried  on 
the  surface  with  a  towel,  and  TF3  equals  weight  of  the  soaked  cube 
suspended  in  water. 

This  method  eliminates  the  difficulty  otherwise  encountered 
on  account  of  the  stone  absorbing  water  while  being  weighed 
suspended.  This  point  has  been  much  discussed  by  difi'erent 
experimenters  and  different  methods  have  been  proposed  to 
avoid  it,  but  this  is  the  only  procediu-e  that  eliminates  the  diffi- 
culty without  introducing  other  errors.  Furthermore,  it  is  very 
simple,  and  if  determined  on  the  same  test  pieces  that  have  been 
tested  for  absorption  only  one  additional  weighing  is  necessary: 
viz,  that  of  the  wet  pieces  suspended  in  water. 

A  slight  error  may  be  made  in  obtaining  the  weight  of  the 
suspending  basket  unless  the  water  stands  to  the  same  point  on 
the  suspending  wire  when  weighed  empty  and  with  the  stone. 
In  order  to  eliminate  this  error,  the  beaker  should  be  filled  nearly 
full  of  water  while  determining  the  weight  of  the  basket  empty; 
then  when  ready  to  weigh  the  cube,  pour  out  water  approximately 
equivalent  to  the  volume  of  the  cube.  This  will  cause  the  sus- 
pending wire  to  be  immersed  to  the  same  point  at  both  weighings. 

The  weight  per  cubic  foot  of  the  dry  stone  is  obtained  by 
multiplying  the  apparent  specific  gravity  by  62.5.  If  the  weight 
per  cubic  foot  of  the  wet  stone  is  desired,  the  weight  of  the  absorbed 
water  per  cubic  foot  may  be  calculated  from  the  percentage  of 
absorption  value  and  added  to  the  weight  per  cubic  foot  of  the 
dry  stone.  To  detennine  the  volume  absorption  value  when  the 
absorption  has  been  determined  by  weight,  multiply  the  latter 
by  the  apparent  specific  gravity  of  the  stone. 

Calcite  marbles  have  apparent-specific-gravity  values  ranging 
from  2.70  to  2.73,  while  dolomitic  marbles  have  values  between 
2.84  and  2.86.     Hence  this  determination  furnishes  a  means  of 
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classifying  the  stone.  Furthermore,  values  between  these  limits 
usually  indicate  the  presence  of  a  certain  amount  of  CaMg(C03)2 
along  with  CaCOj. 

XIII.   TRUE  SPECIFIC  GRAVITY 

The  true  specific  gravity  is  the  specific  gravity  of  the  solid  stone 
material.  It  is  therefore  the  weight  in  grams  of  a  cubic  centimeter 
of  stone  having  the  pores  filled  with  solid  material  of  the  same 
composition.  This  is  best  obtained  by  reducing  the  sample  of 
stone  to  a  fine  powder  and  determining  the  specific  gravity  of  the 
particles.  The  determinations  made  for  this  report  were  made  in 
the  Le  Chatelier  flask,  using  58  g  samples  of  the  powdered  stone 
passing  a  200-mesh  sieve.  The  material  was  first  dried  at  110°  C 
and  then  weighed  and  sealed  in  sample  boxes  until  the  test  was 
made.  By  lowering  a  thermometer  graduated  to  tenths  of  a 
degree  into  the  liquid  before  the  zero  volume  reading  and  after 
the  final  reading  the  actual  temperattu-es  were  obtained  and  the 
volume  corrections  were  applied  to  reduce  these  to  a  common 
temperature.  Since  the  quantity  desired  here  is  the  volume  of 
the  powder,  it  is  onh^  necessary  that  the  two  volume  readings  be 
reduced  to  the  same  temperatures.  In  this  method  the  volume 
readings  were  all  reduced  to  20°  C.  This  procedure  was  found  to 
give  more  unifonn  results  than  the  usual  method,  due  to  the  fact 
that  a  slight  difference  in  the  temperatiu-e  of  the  gasoline  between 
the  two  readings  greatly  magnifies  the  volume  error.  This  is 
because  the  total  expansion  or  contraction  of  all  the  gasoline  in 
the  flask,  about  300  cc,  comes  into  consideration.  Assuming  the 
coefficient  of  expansion  for  gasoline  to  be  0.00 1 1 ,  the  volume  error 
due  to  I  °  C  difference  in  temperature  would  be  0.33  cc.  On  a  58  g 
sample  this  would  cause  an  error  in  the  determination  of  four  points 
in  the  second  decimal  place.  In  the  method  of  setting  the  flask 
into  water  to  allow  it  to  come  to  the  same  temperature  for  both 
readings,  the  temperature  of  the  water  must  be  kept  constant  and 
the  flask  must  be  left  long  enough  to  come  to  this  temperature. 
Since  this  time  must  be  estimated,  it  is  obvious  that  the  method 
of  recording  the  temperatures  of  the  gasoline  and  correcting  the 
volumes  is  more  accurate. 

This  determination  on  marble  powder  at  the  best  does  not  give 
nearly  as  accurate  results  as  are  obtained  in  the  apparent-specific- 
gravity  tests,  and  in  order  to  obtain  a  result  that  is  reliable  in  the 
third  decimal  place  three  or  four  tests  should  be  made  on  the  same 
sample  and  averaged. 
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XIV.    POROSITY 

The  determination  of  the  total  pore  space  of  stone  can  be  calcu- 
lated from  the  results  of  the  true  and  apparent-specific-gravity 
tests.  Since  the  apparent  specific  gravity  is  the  weight  in  grams 
of  I  cm  ^  of  the  actual  stone,  and  the  true  specific  gravity  is  the 
weight  of  a  cubic  centimeter  of  solid  stone,  the  difference  in  these 
two  values  is  the  amount  of  solid  stone  required  to  fill  the  pores  of 
the  actual  stone.     Hence  the  percentage  of  pore  space  is  found  by 

I  oo 
the  formula  P  =  — r-  (t  —  a),  where  i  is  the  true  specific  gravity  and 

a  is  the  apparent  specific  gravity. 

The  porosity  represents  the  limiting  value  of  the  amount  of 
water  the  stone  can  absorb.  The  theory  has  been  advanced  by 
Hirshwald,'  that  if  the  absorption  value  is  more  than  nine-tenths 
of  the  total  pore  space  the  stone  would  suffer  injury  from  freezing. 
This  is  based  on  the  fact  that  water  expands  as  the  temperature  is 
lowered  from  4°  C  to  the  freezing  point  by  one-tenth  of  its  volume. 
Hence  if  the  stone  is  more  than  nine-tenths  filled  with  water  there 
will  not  be  space  enough  to  allow  for  the  expansion,  and  the  stone 
will  be  subjected  to  internal  stresses  which  tend  to  disintegrate 
it.  The  relation  of  the  absorption  to  the  total  pore  space  is 
probably  a  more  important  determination  in  the  study  of  the 
weathering  properties  of  the  stone  than  any  other  short  of  the 
freezing  test. 

XV.   STAINING  TESTS 

In  order  to  determine  the  relative  susceptibility  of  the  dif- 
ferent marbles  to  staining  and  their  penetrability,  samples  were 
submitted  to  the  following  treatment:  Cubes  of  the  same  dimen- 
sions as  those  used  for  compressive  tests  were  drilled  from  the 
center  of  one  face  to  the  center  of  the  cube  with  a  |4-iiich  diill. 
After  being  dried  the  cubes  were  placed  on  a  table  and  the  holes 
filled  with  a  1 15000  solution  of  eosin.  In  a  few  the  stain  pene- 
trated through  to  the  exterior  faces,  and  the  tiine  required  for 
this  was  noted.  In  most  cases  it  had  not  penetrated  to  the  sur- 
face at  the  end  of  six  hours.  At  the  end  of  this  time  the  solu- 
tion was  removed  from  the  holes  and  the  cubes  were  sawed  in 
half,  thus  exposing  the  stained  area.  Several  cubes  showed  no 
penetration  whatever.  On  those  that  did  the  stained  area  was 
traced  on  tracing  paper  and  the  areas  measured  with  a  plani- 
meter.  Table  11  gives  the  results  of  this  test  and  also  the 
appearance  of  the  stain.     These  results  show  a  wide  range  in 

1  Hirshwald,  Bauteclmischc  Gcstciniintcrsuchungen. 
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the  permeability  of  the  different  samples,  some  staining  through 
in  a  short  time  and  others  showing  no  penetration  after  six  hours. 
For  comparison  the  water-absorption  values  and  porosity  are 
given  in  this  table.  There  seems  to  be  no  definite  relation  between 
either  the  absorption  and  area  stained  or  the  porosity  and  the 
area  stained. 

In  order  to  determine  whether  there  is  any  relation  between 
the  staining  effects  and  the  results  of  the  freezing  tests  the  per- 
centage changes  in  strength  in  the  freezing  tests  are  also  recorded 
in  Table  1 1 .  This  shows  that  several  samples  that  lost  consider- 
able strength  in  freezing  also  gave  large  stained  areas,  but,  on 
the  other  hand,  several  samples  that  were  not  stained  at  all 
showed  a  considerable  loss  in  freezing.  It  must  be  concluded, 
therefore,  that  so  far  as  these  results  are  concerned  the  staining 
test  does  not  furnish  any  criterion  for  predicting  the  effect  of 
freezing. 

XVI.    PERMEABILITY  TESTS 

The  pore  spaces  in  marble  are  conceded  to  be  chiefly  con- 
cerned in  determining  the  relative  durability  of  different  types. 
The  total  pore  space  of  the  sample  does  not  appear  to  be  a  reliable 
guide  to  judge  what  will  be  the  effect  of  freezing.  The  absorp- 
tion value  is  equally  unreliable.  It  has  been  advocated  that  the 
relation  between  the  absorption  value  and  the  total  pore  space 
gives  a  criterion  for  predicting  durability,  but  this  series  of  tests 
does  not  substantiate  the  theory.  Hence  it  appears  that  an 
exhaustive  study  of  the  pore  spaces  is  necessary  to  determine 
what  property  or  peculiarity  makes  some  stones  more  suscep- 
tible to  disintegration  than  others.  Permeability  tests  have  been 
made  on  more  porous  stones,  such  as  sandstones,  but  we  have 
no  records  of  such  tests  on  marble.  An  attempt  to  force  water 
tmder  a  pressure  of  one  atmosphere  through  i  inch  of  marble 
failed  entirely.  It  was  found,  however,  that  most  samples  would 
allow  the  passage  of  air  through  this  thickness  quite  readily  if 
the  sample  were  dry,  but  if  previously  soaked  in  water  no  air 
would  pass.  To  determine  the  relative  air  permeability  of  dif- 
ferent samples,  2^^-inch  cubes  were  drilled  in  the  same  manner 
as  for  the  staining  tests,  and  a  glass  tube  32  inches  long,  having 
a  short  length  of  rubber  tubing  on  the  end,  was  forced  into  the 
hole,  forming  an  air-tight  seal.  The  tube  was  then  filled  with 
mercury  and  inverted  in  a  small  crystallizing  dish  of  mercury. 
If  no  air  was  drawn  through  the  cube,  the  mercury  column  would 
stand  at  atmospheric  pressure — viz,  approximately  30  inches — 


24  Technologic  Papers  of  the  Bureau  of  Standards 

but,  if  air  passed  through,  the  column  would  gradually  drop. 
As  a  matter  of  rough  comparison,  the  different  samples  were 
tested  in  this  way  to  determine  the  drop  in  the  mercury  during 
the  first  1 5  minutes.  The  number  of  inches  drop  for  the  samples 
tested  are  recorded  in  Table  ii,  under  the  column  headed  "Air 
permeability."  The  results  show  that  some  samples  were  prac- 
tically impermeable  to  air  under  one  atmosphere,  while  others 
allow  it  to  pass  quite  readily.  Several  samples  were  repeated  a 
number  of  times  for  a  check,  and  it  was  found  that  usually  a 
smaller  amount  of  air  passed  each  succeeding  time.  This  same 
effect  was  observed  by  Dr.  Parks  -  in  experimenting  on  the  water 
permeability  of  certain  building  stones  of  Ontario.  This  is  evi- 
dently due  to  the  pores  gradually  becoming  sealed  either  with 
loose  particles  of  stone  or  by  foreign  matter  being  carried  into 
the  pores.  It  is  quite  reasonable  to  suppose  that  the  numerous 
dust  particles  in  the  air  would  be  carried  into  the  stone  and 
gradually  seal  the  passages. 

It  should  be  noted  that  in  this  manner  of  testing  the  permea- 
bility the  difference  in  pressiue  is  not  constant,  but  gradually 
drops  with  the  colimin  of  mercury.  It  would  be  more  satisfactory 
to  devise  an  apparatus  for  penneability  tests  that  would  give  a 
constant  pressure  no  matter  how  much  air  passed.  But  these 
tests  serve  to  show  the  relative  permeability  of  the  different 
samples  and  afford  a  means  of  comparing  this  property  with  the 
results  of  freezing  tests.  A  study  of  Table  1 1  shows  no  relation 
between  the  permeability  and  the  loss  in  strength  on  freezing. 
However,  these  tests  should  be  regarded  as  preliminary  and  not 
conclusive.  As  stated  under  freezing  tests,  the  loss  in  strength 
in  those  tests  can  not  always  be  attributed  to  the  effect  of  freez- 
ing. It  is  possible  that  with  more  extended  freezing  tests,  show- 
ing more  definitely  the  effect  of  freezing,  a  relation  may  be 
established  between  the  permeability  of  stone  and  frost  action. 

XVII.    CHEMICAL  ANALYSIS 

The  principal  constituents  have  been  determmed  for  the 
greater  portion  of  the  samples  of  marble  included  in  this  investi- 
gation for  the  purpose  of  establishing  their  purity  and  suitability 
for  use  in  the  manufacture  of  lime,  Portland  cement,  etc.  One 
important  problem  encountered  in  the  operation  of  stone  quarries 
is  the  utilization  of  the  waste  products.  The  increasing  use  of 
lime  for  agricultural  purposes  may  in  some  cases  solve  this  prob- 
lem for  those  operators  whose  material  is  suitable  for  this  product. 

-  W.  A.  Parks,  Report  on  Ihe  Building  and  Ornamental  Stones  of  Canada,  vol.  1. 
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Sugar  refineries,  carbonic-acid  factories,  pulp  mills,  and  iron 
smelters  use  marble  and  limestone  refuse.  The  chemical  analysis 
of  these  samples  given  in  Table  10  may  be  of  value  to  such  com- 
panies in  selecting  the  marble  best  suited  to  their  uses.  Chemical 
analysis  may  sometimes  be  of  use  in  indicating  the  presence  of 
harmful  constituents.  White  marbles  are  very  easily  stained, 
and  the  presence  of  ferrous  iron  or  iron  sulphides  may  cause  the 
surface  to  become  stained  through  the  alteration  of  these  by 
exposure  to  the  weather. 

Chemical  analysis  is  also  useful  in  classifying  the  stone.  The 
marbles  included  in  this  report  may  be  divided  into  three  groups, 
viz,  calcite  marbles,  dolomite  marbles,  and  serpentine  marbles. 
Calcite  (CaCOg)  or  calcium  carbonate  contains  56  per  cent  of 
CaO  (lime)  and  44  per  cent  of  CO3  (carbon  dioxide).  It  effer- 
vesces strongly  with  cold  dilute  hydrochloric  acid  and  is  entirely 
soluble  in  cold  dilute  acetic  acid.'  Calcite  marbles  differ  from  the 
above  composition  in  that  they  may  contain  small  amoimts  of 
silica  (SiOj),  alumina  (AI2O3),  iron  in  the  form  of  oxides,  car- 
bonates, or  sulphides,  and  various  other  constituents. 

Dolomite,  CaMg(C03)2,  a  carbonate  of  lime  and  magnesia, 
contains  54.35  per  cent  of  CaCOj  (calcium  carbonate).  It 
effervesces  less  readily  with  cold  dilute  hydrochloric  acid  than 
calcite  and  is  next  to  insoluble  in  cold  dilute  acetic  acid.'  DcJo- 
mitic  marbles  may  contain  the  same  impurities  mentioned  above 
for  calcite  marbles. 

Serpentine  is  a  marble  only  in  a  commercial  sense.  Dark- 
colored  serpentine  is  an  hydrous  silicate  of  magnesia  and  iron.' 
Two  serpentines  have  been  tested  for  this  report,  viz,  the  widely 
used  serpentine  from  Roxbury,  Vt.,  and  the  verd  antique  from 
Holly  Springs,  Ga. 

XVIII.   VOLUME-RESISTIVITY  TESTS 

These  tests  have  been  made  to  show  the  relative  value  of  the 
different  marbles  for  the  purpose  of  electrical  insulators.  Since 
the  resistivity  is  affected  considerably  by  the  presence  of  moisture 
in  the  pores  of  the  marble,  these  tests  have  been  made  under 
different  conditions  of  saturation,  and  the  results,  given  in  Table 
12,  show  the  range  of  resistivity  that  may  be  expected.  For  ordi- 
nary conditions  of  use  indoors  it  is  believed  that  values  obtained 
on  samples  dried  in  the  laboratory  air  several  days  should  furnish 
the  information  desired. 

'T.  Nelson  Dale,  The  Commercial  Marbles  of  Western  Vermont,  U.  S.  Geological  Survey  Bulletin  521. 
96674°— 19 4 
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This  detennination  was  made  on  small  slabs  of  marble  lo  by 
lo  by  I  cm.  The  method  used  is  known  as  the  galvanometer 
method  and  is  described  fully  in  Bureau  of  Standards  Scientific 
Paper  234  by  Harvey  L.  Curtis. 

XIX.    CARBONIC-ACID  TESTS 

The  following  experiments  by  George  P.  Merrill,  on  the  effect  of 
carbonic  acid  on  marbles  and  limestones  are  taken  from  the  Pro- 
ceedings of  the  United  States  National  Museum,  volume  49, 
pages  347-349- 

The  tests  registered  below  are  made  with  a  \-iew  of  determining  not  merely  the 
relative  suitability  of  certain  calcareous  rocks  used  for  building  and  ornamental  work, 
but,  as  ■well,  the  maimer  in  which  the  solvent  acted.  The  ultimate  aim  of  the  experi- 
ments, as  is  obvious,  was  to  ascertain  ho%v  the  stones  would  withstand  the  effects  of  an 
atmosphere  and  its  rainfall  made  acid  through  absorbed  carbonic  acid.  To  make  the 
results  appreciable  within  a  certain  time  it  was  of  course  necessary'  to  exaggerate  the 
conditions.  The  process  was  as  follows:  Two  samples  of  each  stone  selected  were  cut 
into  the  form  of  cubes  approximately  an  inch  in  diameter,  though  without  any 
attempt  at  exact  correspondence  in  weight.  How  close  the  approximation  is  is  shown 
in  the  accompanying  table  of  results. 

The  surfaces  of  each  cube  were  rubbed  with  flour  of  emery  on  a  glass  plate  as  smooth 
as  the  nature  of  the  material  permitted,  but  no  attempt  was  made  to  polish.  They 
were  then  thoroughly  washed  and  dried  at  ioo°  C.  The  cubes  were  then  suspended 
by  threads,  in  each  case  passed  but  once  around  the  cube,  in  a  large  jar  of  water  kept 
acid  by  a  stream  of  carbonic  acid  from  a  charged  cylinder.  The  water  was  changed 
once  each  week.  No  attempt  was  made  to  have  the  stream  of  bubbles  constant  and 
continuous,  but  the  direction  was  changed  occasionally  to  make  certain  that  all  were 
subjected  to  like  conditions.  Twice  diuing  the  trial  the  cubes  were  withdrawn  and 
while  still  suspended  dried  out  by  artificial  heat  and  again  immersed. 

At  the  end  of  three  months  they  were  \vithdra^\Ti,  dried  at  a  temperatiu^e  of  ioo°, 
and  brushed  off  with  a  soft  fitch  brush  to  remove  any  loosened  granules  or  dust.  The 
appearance  of  each  cube  was  carefully  noted  as  to  color  changes,  as  well  as  to  the 
manner  in  which  the  solvent  acted.  The  tables  below  give  the  weight  of  the  cubes 
before  and  after  and  the  loss  of  material  both  in  weight  and  in  percentage  amounts. 
The  first  table  gives  the  results  of  some  preliminary  tests  which  were  not  carried  to 
completion,  owing  to  imperfection  of  apparatus.  They  are,  however,  included  here, 
since  so  far  as  they  go  they  are  confirmatorj'  of  those  in  the  second.  The  results  of  both 
cases  agree  surprisingly  well.  It  will  be  noted  that,  while  the  amount  of  material  lost 
in  the  first  series  is  less  than  in  the  second,  owing  to  the  shorter  period  of  trial,  the 
two  are  always  in  accord.  The  amount  of  material  lost  by  solution  is  not,  however, 
the  sole  item  of  importance,  nor,  indeed,  the  item  of  most  importance.  It  will  be 
noted  that  in  some  instances  a  stone  losing  a  certain  amoimt  still  retains  a  nearly  smooth 
stu-face  and  sharp  arrises.  Others  become  roughened,  granules  loosened  to  the  point  of 
falling  away,  and  the  arrises,  as  a  consequence,  left  ragged.  In  some  of  the  stones  there 
is  a  tendency  for  the  smaller  interstitial  crj'stals  to  disappear,  lea\-ingthe  larger  standing 
in  relief.  The  Tennessee  samples  tested  are  of  the  gray  and  pink  spotted  varieties. 
In  these  the  tinted  calcite,  which,  judged  from  the  forms,  represents  fragmental  fossil 
material,  is  more  refractory  tlian  the  colorless  and  is  left  in  slight  relief.  In  the  case 
of  the  oolitic  limestones  the  oolites  are  eaten  out,  leaving  the  crystalline  or  interstitial 
material  and  the  fossil  fragments  in  relief,  the  outline  of  the  oolite  being  sometimes 
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preserved  by  the  insoluble  impurities.  The  considerable  amoiint  of  insoluble  mate- 
rial set  free  from  these  oolitic  cubes  during  the  trial  setting  to  the  bottom  of  the  jar  as 
mud  or  remaining  to  be  brushed  ofi  the  surface  when  the  cube  was  dried  seems  to  have 
come  wholly  from  the  oolites,  and  not  from  the  interstices.  It  will  be  noted,  as  might 
have  been  expected,  that  the  dolomitic  marbles  are  not  appreciably  affected  and  that 
the  oolitic  stones  lost  during  the  trial  an  amount  two  and  three  times  as  great  as  that 
of  any  other  of  the  stones  tested.  In  but  one  instance  was  there  any  marked  change  in 
color  in  any  of  the  samples. 

TABLE  I.— Preliminary  Trial  Extending  Over  Period  of  70  Days 


Kind  and  locality 


Wlilte    crystalline    limestone: 

Marble,  Yule,  Colo. 
White    crystalline    limestone: 

Marble,  Pickens  County,  Ga, 
White    crystalline    limestone: 

Marble,  West  Grove,  Pa. 

Pink      crystalline    limestone: 
Marble,  Knoxville,  Tenn. 

Gray     crystalline     limestone: 
Marble,  Concord,  Tenn, 

White    crystalline    limestone: 

Marble,  Rutland,  Vt. 
Blue     crystalline     limestone: 

Marble,  Rutland,  Vt. 
White    crystalline    limestone: 

Marble,  Carrara,  Italy. 
White     crystalline     dolomite: 

Marble,  CockeysvUle,  Md. 
White     crystalline     dolomite: 

Marble,  Tuckahoe,  N.  Y. 

Oolitic  limestone,  Bedford,  Ind 


Oolitic     limestone: 
Green,  Ky. 


Bowling 


Weight 
before 
trial 


g 

r45. 053 
,44.313 
'42.  3935 
.42. 747 
'46.  3455 
[44. 7015 

'50.  4485 
i48.478 

45. 1075 


40.6655 
41.1245 
'44.444 
41.0555 
(38. 6165 
140. 5885 
/38.80 
\36.  507 
42.  0655 
,41.405 

■43. 5785 
41.1475 


Ml. 
\37. 


1655 
8355 


Weight 
after 
trial 


g 

44.  7075 

43.8815 

41.935 

42.3565 

46, 2345 

44.586 

49. 904 
47.9725 


40. 1185 

40. 432 

43.8355 

40.589 

38.114 

40.0925 

38. 7755 

36.4855 

42.0415 

41.3795 

42.2435 
39. 8795 


40. 504 
37.1725 


Loss  of 
weight 


K 

0.3455 
.4325 
.4585 
.3905 
.1110 
.1155 

.5445 
.5055 

.6310 


.547 

.6925 

.6085 

.4665 

.5025 

.496 

.029 

.0215 

.0240 

.0255 

1.335 
1.268 


.6115 
.663 


Loss  of 
weight 


Per  cent 

0.0077 
.0097 
.011 
.009 
.0024 
.0026 

.0108 
.0104 


.013 

.016 

.015 

.011 

.013 

.012 

.00062 

.00058 

.  00056 

.0006 

.0304 
.0308 


.014 
.017 


Remarks 


1  Very  slightly  roughened;  no  gran- 
/    ulation. 

ISlightly    roughened;  no    granula- 
/    tion. 

JEflect  scarcely  appreciable. 

[White    portions    slightly    etched, 
<    leaving    the    pink    standing    in 
I    relief. 
Wbite    portions    slightly    etched, 

leaving    the    pink    standing    in 

relief. 

>Surfaces  appreciably  roughened. 

Surfaces   appreciably  roughened; 

no  granulation. 
^Surfaces   appreciably   roughened; 

like  white  Rutland. 

Not  appreciably  acted  upon. 

>Not  appreciably  acted  upon. 

Distinctly  roughened  and  pitted, 
the  fossil  fragments  left  standing 
in  relief. 

Distinctly  roughened  and  pitted, 
the  oolites  being  eaten  out, 
leaving  surface  covered  by  cir- 
cular and  oval  pits  often  with  a 
slight  residual  eminence  in  cen- 
ter. 
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TABLE  n.— Second  Trial  Extending  Over  Period  of  Three  Months 


Kind  of  stone  and  locality 


Original 
weight 


g 
f51.551 
\48. 194 

f44.  034 

\43.  6675 

/43,  3885 

144.400 

47. 8385 

47. 9695 

44. 4945 

44.  1085 

(44.  974 

145.  172 

/42.  536 

\43.  97 


White    crystalline    limestone: 
Marble,  Yule  Creek,  Colo. 

White    crystalline    limestone: 

Marble,  Pickens  County,  Ga. 
White    crystalline    limestone: 

Marble, Cherokee  County.Ga. 
White    crystalline    limestone: 

Marble,  West  Grove,  Pa. 
White   crystalhne    limestone: 

Marble,  Proctor,  Vt. 
White    crystalline    limestone: 

Marble,  Proctor,  Vt. 
White    crystalline    limestone: 

Marble,  Pittsfield,  Vt. 

White    crystalline    limestone:    (43.5085 
Marble,  Carrara,  Italy.  \42. 462 

Gray     crystalline     limestone:  (46.796 

Marble,  Knoiville,  Tenn.  145.1725 

Gray     crystalline     limestone:  (44. 069 

Marble,  Knoiville,  Tenn.  \44.  3095 

Gray     crystalhne     limestone;  /45. 7165 

Marble,  Knorville,  Tenn.  HS.Sses 

Pink     crystalline     limestone:  /42. 7345 

Marble,  Concord,  Tenn.  \42.  9635 

White    crystalline     dolomite:  (40.724 

Marble,  Cockeysville,  Md.  \38. 4355 

White   crystalline      dolomite:    (45.529 
Marble,  Berkshire,  Mass.       \45. 052 

White     crystalline     dolomite:    (43.659 

Marble,  Lee,  Mass.  \44. 493 

(43.442 

WWte     crystalline     dolomite:    144.792 

Marble,  Tuckahoe,  N.  Y .  46.  438 

147.053 


Oolitic  limestone,  Bedford,  Ind.  jjj-  3245 


Oolitic     limestone.      Bowling 
Green,  Ky. 

Oolitic  limestone,  Salem,  Ind. . 


/38.  4375 
(38.  6845 
(37.  2795 
\37. 45 


Final 

Loss  of 

Loss  in 

weight 

weight 

weight 

g 

g 

Per  cent 

50.  6465 

0.  9045 

0.017 

47. 2465 

.9475 

.019 

43.315 

.719 

.0165 

42.  946 

.7215 

.017 

42.  7335 

.655 

.015 

43.  683 

.717 

.016 

47.615 

.2235 

.0047 

47. 768 

.2015 

.0042 

43.62 

.8745 

.019 

43.3125 

.796 

.018 

43.  9295 

1.0445 

.023 

44.  001 

1.171 

.026 

41.  705 

.831 

.019 

42.9715 

.9985 

.022 

42. 598 

.9105 

.021 

41. 4885 

.9735 

.023 

45.8765 

.9245 

.019 

44.  2975 

.875 

.019 

43. 226 

.843 

.019 

43.  4545 

.855 

.019 

44.52 

1. 1965 

.026 

44.609 

.9475 

.021 

41.808 

.9265 

.021 

42. 1675 

.796 

.0185 

40.  687 

.037 

.  00091 

38.  3995 

.036 

. 00093 

44.  8385 

.6905 

.015 

44. 378 

.674 

.015 

43.  625 

.034 

.  00077 

44.4415 

.0525 

.0011 

43. 4025 

.0395 

.  00091 

44. 7465 

.0455 

.0010 

46.3815 

.0575 

.0012 

47.  0105 

.0425 

.0009 

34. 493 

1.6015 

.044 

36. 4495 

1.875 

.049 

37. 1775 

1.26 

.033 

37.44 

1.  2445 

.032 

35.39 

1.  8895 

.0506 

35.591 

1.869 

.050 

Remarks 


A  very  slight  roughening  oi  the  sur- 
face, but  no  granulation  and  but 
slightly  attacked  on  the  edges  oi 
arrises. 

\Sur1aces  very  slightly  roughened, 

/    but  no  granulation. 

ISurfaces  very  slightly  roughened, 

/    a  sUght  yellowing. 

ISurfaces  roughened,  but  no  granu- 

/    iation. 

Surfaces  distinctly  roughened  and 
granulated,  small  particles  loos- 
ened and  falling  away  when 
handled  or  brushed;  arrises 
roughened. 

Surfaces  distinctly  roughened  and 
granulated,  small  particles  loos- 
ened and  breaking  away  when 
bandied  or  brushed;  arrises 
strongly  attacked. 

Surfaces  roughened  by  the  corrosion 
of  the  colorless  granules  leaving 
the  pink  tinted  standing  in  relief. 
No  granulation  or  mechanical 
loosening  of  particles. 

>No  perceptible  change. 

{Surfaces  distinctly  roughened  by 
corrosion  along  planes  of  cleavage 
and  color  changed  to  a  decided 
buff. 

]-No  perceptible  change. 


No  perceptible  change. 

Surfaces  much  roughened  and 
pitted  owing  to  solution  of  the 
oolites  leaving  the  fossil  fragments 
and  crystalhne  material  of  the 
interstices  in  relief;  arrises 
strongly  attacked. 

The  same,  only  that  the  stone  is 
more  distinctly  oolitic  and  the 
surface  becomes  covered  with  cir- 
cular and  oval  pits. 


XX.    THERMAL  EXPANSION  OF  MARBLE 

The  change  in  volume  of  marble  due  to  temperature  changes  is 
of  practical  interest  in  two  particular  ways:  First,  in  masonry 
structures  the  expansion  and  contraction  of  the  individual  mem- 
bers of  the  different  courses  tend  to  crumble  and  destroy  the 
bonding  mortar;  second,  the  unequal  expansion  and  contraction 
of  the  crystals  tend  to  weaken  and  disintegrate  the  marble  itself. 

The  expansion  of  marble  as  well  as  that  of  other  types  of  stone 
has  been  fotmd  to  vary  considerably  from  that  of  the  straight- 
line  expansion  of  the  metals,  and  for  different  samples  of  marble 
at  ordinary  temperatures  the  range  appears  to  be  from  one- 
fourth  to  two-thirds  that  of  steel.     As  the  temperature  increases 
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the  rate  of  expansion  increases,  and  the  curv^e  probably  becomes 
steeper  until  the  point  is  reached  where  the  chemical  composi- 
tion of  the  marble  is  changed.  Another  peculiarity  in  the  expan- 
sion of  marble  is  that  when  once  expanded  by  heat  it  does  not 
entirely  contract  to  its  original  dimensions  but  retains  a  part  of 
the  increase  after  the  specimen  has  cooled. 

A  series  of  measurements  were  made  by  William  Hallock  of 
the  United  States  Geological  Survey  in  the  year  1S90  to  deter- 
mine the  thermal  expansion  of  certain  rocks.  The  specimens 
were  3  feet  in  length  and  were  measured  at  temperatures  of  20 
and  100°  C  in  a  water  bath  by  the  comparator  method.  Ten 
specimens  of  marble  were  measured  in  this  series  and  the  results 
obtained  are  as  follows: 


Description  of  marble 


Coefficient 
of  expan- 
sion 


A  fine-grained  marble  from  Rutland,  Vt.,  cut  parallel  to  the  bedding 

Duplicate  sample  of  the  above 

A  rather  fine-grained  pink  marble  from  JLnoxville,  Term 

Duplicate  sample  of  the  above 

A  medium -grained  pinkish  mottled  sample  ol  "Keowa"  marble  from  the  Happy  Valley  Quar- 
ry, Ga 

Duplicate  oi  the  above  sample 

A  coarse  even-grained  sample  of  "Creole"  marble  from  the  Happy  Valley  Quarry,  Ga 

A  coarse,  even-grained,  nearly  pure  white  "Cherokee'*  marble  from  the  Happy  Valley 
Quarry,  Ga 

Duplicate  of  the  above  sample 

Triplicate  of  the  above  sample 


0.00000659 
.00000661 
.00000495 
.00000525 

.00000348 
.00000309 
.00001100 

.00000740 
.00000786 
.00000S55 


The  permanent  increase  in  length  was  noted  in  this  series  of 
tests  which  amounted  to  0.2  to  0.3  mm  for  the  3-foot  specimens. 

The  permanent  increase  was  also  noted  in  expansion  measure- 
ments made  by  the  Ordnance  Department  of  the  United  States 
Army  in  the  year  1875.  ^^  these  experiments  the  samples, 
which  were  20  inches  long,  were  measured  in  water  at  the  tem- 
peratures of  32  and  212°  F.  It  is  also  stated  that  compression 
tests  on  the  specimens  after  this  heating  and  cooling  in  water 
showed  a  loss  in  strength  as  follows:  Granite,  16.3  per  cent;  mar- 
ble, 53.8  per  cent;  limestone,  4 1. 2  per  cent;  sandstone,  33.1  percent. 

In  19 10  experiments  were  made  by  N.  E.  Wheeler  which  are 
reported  in  Transactions  of  the  Royal  Society  of  Canada,  Third 
Series,  Volume  IV,  on  samples  of  diabase,  granite,  and  marble. 
These  measurements  were  made  by  the  comparator  method  on 
cylinders  of  stone  2.4  cm  in  diameter  and  20  cm  long,  heated 
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by  means  of  an  electric  coil.  The  marble,  which  was  a  white 
Carrara,  was  measured  at  temperatures  up  to  approximately  500° 
C.  The  same  sample  was  measured  consecutively  during  six  dif- 
ferent heatings.  The  total  expansion  and  permanent  expansions 
for  the  different  heatings  are  indicated  in  the  following  table: 


Number  of  heating 

Tempera- 
ture 

Total  ei- 
pansion 

Permanent 
expansion 

°C 

(          448 

mm 
1.611 

mm 

First               .'. 

1             19.5 

0.732 

f          464 

1.810 

16 

.897 

f          463 

1.852 

Third               

ig 

.952 

r          504. s 

2.119 

18 

1.048 

I          478 

1.998 

Fifth                 

25 

1.074 

f           47S.  5 

2.129 

Sixth                                   

I            18 

1.095 

These  experiments,  which  are  given  in  full  in  the  report  referred 
to  above,  show  the  increased  rate  of  expansion  for  the  higher 
temperatures  and  the  permanent  expansion  for  each  heating. 
The  permanent  expansion  as  well  as  the  rate  of  expansion  appears 
to  become  less  for  each  successive  heating,  and  the  expansion  for 
temperatures  between  18  and  60°  C  appears  to  become  almost 
negligible  at  the  fifth  and  sixth  heating. 

A  number  of  samples  were  measured  by  the  comparator  method 
at  the  Bureau  of  Standards  during  the  year  191 7  by  L.  W.  Schad 
and  P.  Hidnert.  These  experiments  were  made  on  samples  30 
cm  long  and  i  cm  square  and  a  number  of  readings  were  taken 
between  the  temperatures  of  —25  and  +300°  C.  A  sample  of 
Pittsford  Italian  marble  from  Vermont  gave  the  following: 


Number  of  beating 

Tempera- 
ture 

Total 
expansion 

Permanent 
expansion 

-c 

TTlTTl/m 
6.0 

znm/in 

First 

2 

2.7 

Ir            ann 

9.7 

21 

3.0 

Ir            ^nn 

13.3 

Third 

i                23 

3.2 
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Fig.   5. — Warped  marble  in  cemetery  at  Ilabana,  Cuba 


Fig.  6. — Warped  marble  in  cemetery  at  Habana,   Cuba 


Bureau  of  Standards  Technologic  Paper  No.  123 


-53. 


Fig.   7. — Warped  marble  in  cemetery  at  Ilabaua,   Cuba 


KiG.  8. — Warped  marble   in  cemetery  at  Ilabaua,  i  uba 
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A  sample  of  Florentine  blue  marble  from  Vermont,  measm-ed 
successively  at  the  temperatures  of  20  and  100,  20  and  150,  20 
and  200,  20  and  250,  20  and  300°  C,  gave  the  following  results: 


Number  of  heating 


Tempera- 
ture 


Total 
expansion 


Permanent 
expansion 


First.... 

Second 

Third... 

Fourth.. 

Fifth.... 


20 
100 

20 
150 

20 
200 

20 
250 

20 
300 

20 


mm/m 
0.0 

mm/m 

.85 

0.42 

1.82 

1.12 

3.00 

1.86 

4.26 

2.62 

5.77 

3.48 

A  sample  of  Dorset,  Vt.,  gray  marble  was  measured  at  several 
temperatures  between  +60  and  —40°  C.  This  specimen  gave 
results  for  temperatures  above  zero  similar  to  the  foregoing.  At 
the  lower  temperatures  the  contraction  did  not  continue,  as  would 
be  expected,  but  a  slight  expansion  occurred  between  —4  and 
—  27°  for  the  first  run  and  also  between  —  10  and  —40°  for  the 
second  run.  This  expansion  at  the  lower  temperatures  showed 
a  tendency  to  remain  permanent  as  the  temperature  was  again 
raised;  i.  e.,  the  expansion  curve  remained  nearly  horizontal  as 
the  temperature  was  raised  to  zero. 

These  results,  together  with  those  previously  obtained,  show  that 
it  is  not  practicable  to  state  a  coefficient  of  expansion  for  marble 
on  account  of  the  peculiar  behavior  under  temperature  changes. 

It  is  proposed  to  publish  a  report  later  on  the  thermal-expansion- 
of-marble  experiments  done  at  this  Bureau.  This  report  will 
probably  include  the  complete  data  on  the  samples  cited  above, 
together  with  measurements  on  a  number  of  other  samples. 

XXI.    WARPING  OF  MARBLE 

Several  instances  have  been  noted  in  which  marble  has  warped 
to  a  considerable  extent.  The  most  marked  of  these  are  to  be 
found  in  the  cemetery  at  Habana,  Cuba.  In  this  cemetery  the 
vaults  are  covered  with  slabs  of  marble  from  2  to  3  inches  thick. 
A  great  number  of  these  cover  slabs  have  warped  so  much  as  to 
be  very  noticeable. 

The  accompanying  photographs,  taken  of  different  slabs  in 
this  cemetery,  illustrate  this  warping.     Fig.  5  shows  a  slab  which 
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has  warped  upward  at  each  side.  The  amount  of  this  is  shown  by 
the  tape  stretched  from  side  to  side  with  a  partly  opened  knife 
lying  on  the  marble  at  the  center.  Fig.  6  shows  the  same  slab 
with  the  tape  stretched  near  the  middle.  Fig.  7  shows  a  slab 
warped  transversely;  i.  e.,  buckled  up  in  the  middle  and  resting 
on  the  base  only  at  the  ends.  Fig.  8  shows  two  others  warped  in 
the  same  manner. 

This  warping  can  not  be  due  to  the  weight  of  the  slab,  since 
many  cases  show  the  warping  in  the  opposite  direction  to  what 
would  occur  from  this  cause.  In  fact  none  of  the  slabs  are  warped 
in  a  way  that  could  be  entirely  explained  by  pressures. 

The  only  explanation  that  appears  to  account  satisfactorily 
for  these  instances  is  to  be  found  in  the  diurnal  temperature 
changes.  The  slabs,  being  exposed  to  the  direct  rays  of  the 
tropical  sun,  are  heated  to  perhaps  130  or  140°  F.  As  shown 
by  thermal-expansion  measurements  on  marble,  the  material 
once  expanded  by  heat  does  not  entirely  contract  to  its  original 
dimensions.  If  there  should  be  a  slight  variation  in  the  marble 
from  one  point  to  another,  it  is  logical  to  assume  that  the  araoiuit 
of  the  permanent  expansion  would  also  vary.  Hence  by  the 
continued  heating  and  cooling  of  the  marble  by  the  sun  those 
parts  or  layers  retaining  the  greater  permanent  increase  would 
■"  outgrow  "  the  other  parts  and  cause  warping.  When  we  con- 
sider the  original  formation  of  marble — i.  e.,  a  slow  process  of 
sedimentation  in  which  perhaps  a  thousand  years  elapsed  dm-ing 
the  formation  of  each  i  inch  of  thickness — it  does  not  seem 
unreasonable  to  assume  a  slight  variation  in  texture  for  different 
layers.  These  slabs  are  cut  parallel  to  the  bedding,  which  places 
the  bedding  planes  horizontal;  i.  e.,  in  the  position  in  which  they 
were  originally  formed.  Hence  if  the  top  inch  of  thickness  pos- 
sesses the  property  of  growing  faster  from  alternate  heating  and 
cooling  than  the  lower  layers,  the  slab  would  curve  downward 
and  for  the  opposite  condition  the  slab  would  curve  upward. 
It  is  probable  that  further  study  of  the  thermal  expansion  of 
marble  will  establish  the  cause  of  warping. 

XXII.    THE  SAMPLE  COLLECTION 

A  collection  of  uniform  samples  representing  all  the  available 
types  of  stone  would  be  valuable  in  showing  the  general  charac- 
teristics of  the  different  varieties  and  also  the  architectural 
effects  that  could  be  obtained  by  the  combination  of  different 
types.  In  connection  with  the  cooperative  investigation  of  build- 
ing stones  it  is  the  purpose  of  this  Bureau  to  make  up  such  a 
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collection,  which  will  be  kept  on  file  for  use  by  engineers,  archi- 
tects, and  others  interested. 

A  number  of  commercial  marbles  have  been  secured  and  are 
available  for  inspection  at  this  Bureau.  These  samples  consist 
of  slabs  8  by  12  by  I  inch,  polished  on  one  face.  These  are 
displayed  in  glass  cases  showing  the  trade  name,  producer,  and 
location  of  quarries. 

XXIII.    SUMMARY 

Sections  I  to  IV  explain  the  cooperative  program,  the  pur- 
pose of  the  work,  the  method  of  securing  samples,  and  preparing 
test  specimens. 

The  methods  used  in  making  the  strength,  freezing,  absorption, 
specific  gravity,  porosity,  staining,  and  permeabiHty  tests  for  this 
report  are  described  in  Sections  V  to  XVI. 

Chemical  analyses  have  been  made  on  42  samples  for  the  pur- 
pose of  classification  and  the  determination  of  harmful  elements. 

Volume-resistivity  determinations  have  been  made  on  a  num- 
ber of  samples  to  determine  their  relative  value  for  electrical 
insulators  and  the  variation  of  this  value  under  different  condi- 
tions of  moisture. 

The  results  of  carbonic-acid  tests  made  by  George  P.  Merrill, 
of  the  National  Museum,  are  included  in  this  report,  together 
with  his  description  of  the  tests. 

A  few  measurements  of  the  thermal  expansion  of  marble  were 
undertaken  to  establish  a  coefficient  value.  These  measure- 
ments indicate  that  marble  does  not  expand  at  a  uniform  rate 
as  the  temperature  is  raised,  and  hence  it  is  not  possible  to  state 
a  coefficient  of  expansion  that  will  hold  good  for  any  but  small 
ranges  of  temperature. 

The  warping  of  marble  is  illustrated  by  photographs,  and  a 
discussion  is  given  of  the  peculiar  warping  of  some  of  the  slabs 
illustrated. 

The  collection  of  American  marbles  at  the  Bureau  of  Stand- 
ards is  briefly  described  in  Section  XXII. 

.  Tables  i  to  12,  following,  give  the  results  of  the  various  tests, 
and  are  so  arranged  that  the  properties  of  the  different  samples 
may  be  easily  compared. 
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XXIV.     TABLES   1  TO   12 
TABLE  1. — Identification  of  Laboratory  Numbers 


Ref. 
No. 


Labo- 
ratory 
No. 


Trade  name 


Location  of  quarry 


3 

4 
5 
6 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 


3942 
3943 
3944 
4060 
4400 
4401 
4402 
5654 
5655 
5656 
5657 
5658 
5660 
5661 
5662 
10  206 
10  208 
5659 
3288 
5949 
3483 
3936 
2633 
4947 
3234 
3235 
4783 
3492 
3834 
3945 
6119 
6981 
2644 
5950 
5951 
5952 
5953 
9032 
6490 
6243 
2634 
2643 
2645 
2960 
3286 
3287 
5653 
4256 
3482 
2632 


Verd  Antique 

Oriental 

Black  Marble 

Light  Cloud  Orvillo... 

Pittslord  Italian 

Rutland  Italian 

West  Rutland  Green. 

Brandon 

Rutland  Blue 

Danby 

Dorset  Gray 

Florentine  Blue 

HoUlster 

Albertson  Blue 

Riverside 


PinkLepanto 

Gouvemeur  Dark  . . . 

South  Dover 

White  Beaver  Dam., 

Mar  Villa 

Pentellic,  Grade  A. . 

Alabama  While 

Black  Marble 

do 

RegalBlue 

Berkshire  Marble... 
West  Stockbridge... 

Lee  White 

Napoleon  Gray 


Arnica  lola 

Etowah 

Creole 

Silver  Gray 

Light  Cherokee do. 

Mezzotint do 


Vermont  Marble  Co 

do 

do 

Green  Moimtain  Marble  Co. . . 

Vermont  Marble  Co 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Burlington  Marble  Co 

do 

Vermont  Marble  Co 

Gouvemeur  Marble  Co 

South  Dover  Marble  Co 

Beaver  Dam  Marble  Co 

-...do 

Alabama  Marble  Co 

Alabama  Marble  Quarries  Co. 
Virginia  Marble  and  Stone  Co. 

do 

Regal  Marble  Co 

South  Berkshire  Marble  Co . . . 
West  Stockbridge  Marble  Co. . 

Lee  Marble  Works 

Phenlx  Marble  Co 

Cassville  Marble  &  Lime  Co. . 

Amicalola  Marble  Co 

Georgia  Marble  Co 

....do 

....do 


Georgia  Marble 

Verd  Antique 

Victoria  Pink 

Royal  Pink 

Appalachian  Gray.. 

Phcenix  Pink 

Cumberland  Pink.. 
Cumberland  Gray.. 

Dark  Chocolate 

Termessee  Marble. 

Light  Vein 

Tokeen 


Southern  Marble  Co 

Green  Marble  Co 

Victoria  Marble  Co 

Royal  Marble  Co 

Appalachian  Marble  Co 

Cedar  Bluff  Marble  Co 

Cumberland  Marble  M  ills  Co. 

do 

Ross  Republic  Marble  Co 

Termessee  M  arble  Quarries  Co 

Columbia  Marble  Co 

Vermont  Marble  Co 


Roibury,  Vt. 
Swanton,  Vt. 
Isle  Le  Motte,  Vt. 
Clarendon  Springs,  Vt, 
Pittsford,  Vt. 
West  Rutland,  Vt. 

Do. 
Brandon,  Vt. 
Rutland,  Vt. 
Danby,  Vt. 
Dorset,  Vt. 
Florence,  Vt. 

Do. 
West  Rutland,  Vt. 
Proctor,  Vt. 
Burlington,  Vt. 

Do. 
Plattsburg,  N.  Y. 
Gouvemeur,  N.  Y. 
Wingdale,  N.  Y. 
Cockeysville,  Md. 

Do. 
Gantt's  Quarry,  Ala. 
Sycamore,  Ala. 
Harrisonburg,  Va. 

Do. 
Regal,  N.  C. 
Ashley  Falls,  Mass. 
West  Stockbridge,  Mass. 
Lee,  Mass. 
Pheniz,  Mo. 
Cassville,  Mo. 
Ball  Ground,  Ga. 
Tate,  Ga. 

Do. 

Do. 

Do. 

Do. 
Marble  Hill,  Ga. 
Holly  Springs,  Ga. 
Knozville,  Term. 

Do. 
Asbury,  Teiin. 
Ebenezer,  Term. 
Meadow,  Term. 

Do. 
Luttrell,  Tenn. 
Amaico,  Tenn. 
San  Francisco,  Cal. 
Tokeen,  Alaska. 
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Rel. 
No. 

Tests 
made 

Average 
stressed 
area,  in 
square 
inches 

Manner  of 
tesiing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks  a 

Highest 

Lowest 

Average 

1 

2 

4.85 

On  bed... 

25  476 

23  352 

24  414 

Aa 

2 

5.06 

On  edge.. 

20  982 

19  784 

20  383 

(l)AhC2)Aa 

2 

2 

5.14 

On  bed... 

28  589 

27  675 

28  132 

Ai 

2 

5.06 

On  edge . . 

31  279 

27  772 

29  526 

Al 

3 

2 

5.12 

On  bed... 

21473 

19  691 

20  582 

(l)AK2)Aa 

2 

5.10 

On  edge.. 

21  288 

16  275 

18  782 

Aj 

4 

2 

5.14 

On  bed... 

13  070 

12  670 

12  870 

(l)Ca(2)Aa 

2 

4.94 

On  edge. . 

10  020 

9915 

9968 

Be 

S 

4 

9.28 

On  bed... 

15  072 

13  329 

14  269 

(l)AeI(2)Ac(3)Ael(4)Ae 

2 

12.28 

On  edge.. 

15  797 

13  797 

14  797 

Ac 

6 

5 

9  87 

On  bed... 

11  212 

10  360 

10  619 

(I)Dc(2)Dcd(3)Dc(4)Ac(5)Dcd 

2 

6.22 

On  edge.. 

8984 

8611 

8798 

De 

7 

3 

6.46 

On  bed... 

12  131 

11674 

11903 

(l)Da(2)  and  (3)Dc 

3 

6.18 

On  edge.. 

11  211 

9426 

10  073 

Dc 

8 

2 

5.15 

On  bed... 

17  353 

14  654 

16  004 

Aa 

1 

5.10 

On  edge.. 

10  262 

9392 

9827 

Be 

9 

2 

5.05 

On  bed... 

9212 

8905 

9058 

Ce 

2 

5.20 

On  edge . . 

11038 

11010 

11054 

Ba 

10 

2 

4.64 

On  bed... 

10  955 

10  427 

10  691 

(l)Be(2)Ca 

2 

4.64 

On  edge.. 

10  707 

10  409 

10  558 

Ca 

11 

2 

5.35 

On  bed... 

9560 

8930 

9245 

Ca 

2 

5.72 

On  edge.. 

8029 

7672 

7850 

Cf 

12 

2 

5.10 

On  bed... 

13  505 

12  757 

13  131 

Ba 

2 

4.97 

On  edge.. 

10  759 

10  606 

10  682 

(l)Ba(2)Ca 

13 

2 

5.14 

On  bed... 

11362 

11  201 

11  281 

(l)Al(2)Cel 

2 

5.08 

On  edge.. 

9333 

8979 

9156 

(l)Ce(2)Cel 

14 

2 

5  52 

On  bed... 

17  074 

16  335 

16  704 

Aa 

2 

5.41 

On  edge.. 

14  119 

13  113 

13  616 

Ae 

15 

2 

5.40 

On  bed... 

14  365 

10  433 

12  399 

(riAe!(2)Aa 

2 

5.31 

On  edge.. 

12  700 

10  665 

11682 

(l)Aa(2)Ba 

16 

1 
1 

4.99 
5.  11 

On  bed... 
On  edge.. 
On  bed... 

19  415 
31  017 

19  415 

31  017 

Ai 
Al 

All   began   to    spall   at   three- 
fourths  the  ultimate  load 

17 

2 

5.06 

51590 



48  820 

50  205 

Ai 

1 

5.06 

On  edge.. 

44  470 

44  470 

Ai 

18 

2 

5.17 

On  bed... 

14  769 

14  491 

14  630 

(l)Ac(2)Acd 

2 

5.23 

On  edge-. 

13  873 

11899 

12  886 

(l)Ab(2)Ae 

19 

2 

5.96 

On  bed... 

15  024 

14  007 

14  516 

(l)Acd(2)Aa 

2 

4.90 

On  edge.. 

12  716 

12  628 

12  672 

Aet 

20 

2 

5.15 

On  bed... 

20  616 

20  215 

20  416 

Acd 

2 

5.23 

On  edge.. 

20  996 

19  890 

20  493 

Aef 

21 

2 

5.08 

On  bed... 

21  743 

21501 

21  622 

.Acd 

2 

4.97 

On  edge.. 

21434 

20  506 

20  970 

(l)Acd(2)Aad 

22 

2 

5.13 

On  bed... 

14  475 

10  841 

12  658 

Ac 

2 

5.16 

On  edge.. 

14  553 

13  930 

14  241 

(l)Ac(2)Ae 

23 

1 
1 

4.93 

5.15 

On  bed... 
On  edge. . 

14  744 
11  456 

14  744 
11  456 

Ac  ]Both  cubes  had   strain  lines 

Belf    perpendicular  to  bedding 
(l)Aa(2)Ael 

24 

2 

5.12 

On  bed... 

18  232 

17  342 

17  787 

2 

5.05 

On  edge.. 

11  902 

11  129 

11515 

Ae 

! 

°  >7umerais  in  parentheses  indicate  the  numbers  of  the  test  specimens;  where  no  numeral  occurs  the 
noterefers  to  all  tests  underthatnumber:  A=  explosive  break;  B=  slight  explosive  break;  C=  nearly  silent 
break;  D=  silent  break;  a=  pyramid  above;  b=  pyramid  below;  c=cone  above;  d=cone  below;  e=  wedge 
above;  f=wedge  below;  g=small  prisms  above  and  below  h=several  irregular  pieces;  i=  great  number 
of  small  pieces;  ]=  several  small  prisms. 
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TABLE  2— Continued 
[For  explanation  of  symbols  in  '*  Remarlcs  "  column  see  footnote  (n)  on  p.  35] 


Ref. 

Tests 
made 

Average 
stressed 
area,  in 
square 

Manner  of 
testing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks 

No. 

inches 

Highest 

Lowest 

Average 

IS 

1 

4.56 

On  bed... 

27  390 

27  390 

Aj  (All  cubes  began  to  spall  at  three- 
Aj]    fourths  of  ultimate  load 

2 

4.98 

On  edge.. 

26  313 

25  050 

25  682 

26 

2 
2 

3.95 
5.02 

On  bed... 
On  edge.. 

23  744 

24  302 

21505 
19  704 

22  624 
22  003 

[All  cubes  began  to  spall 

.<    at   three-fourths    uiti- 
(l)Af(2)Ai|           ,    ,     ^ 
mate  load 

27 

-        2 

4.96 

On  bed... 

16  614 

14  582 

15  598 

Ac 

2 

5.15 

On  edge.. 

14  262 

13  555 

13  908 

Ae 

28 

2 

5.15 

On  bed... 

19  518 

18  347 

18  933 

(l)Ac(2)Acd 

2 

5.31 

On  edge.. 

18  587 

18  458 

18  522 

(l)Aad(2)Abc 

29 

2 

4.96 

On  bed... 

9364 

9286 

9325 

Cef 

2 

5.22 

On  edge.. 

9205 

8555 

8880 

Cef 

30 

2 

6.40 

On  bed... 

21  592 

18  853 

20  222 

(l)Aa(2)Af 

2 

6.41 

On  edge.. 

21059 

15  767 

18  413 

Ab 

31 

2 

5.11 

On  bed... 

12  310 

11  236 

11  773 

(l)Ba(2)Aa 

2 

5.27 

On  edge.. 

12  415 

12  107 

12  261 

(l)Aa(2)Ab 

32 

2 

5.06 

On  bed... 

13  055 

12  097 

12  576 

(l)Ae(2)Aa 

2 

5.07 

On  edge.. 

12  291 

11  521 

11906 

Aa 

33 

2 

5.43 

On  bed... 

11339 

10  685 

11012 

(l)Cet(2)Cc 

2 

5.25 

On  edge.. 

9993 

9851 

9922 

(l)Ca(2)Ce 

34 

2 

4.95 

On  bed... 

12  171 

10  919 

11  545 

(l)Aa(2)Bc 

2 

4.70 

On  edge.. 

10  643 

9755 

10  194 

(l)Ce(2)Cc 

35 

2 

5.18 

On  bed... 

12  217 

11055 

11  636 

Be 

2 

5.12 

On  edge . . 

12  572 

11  244 

11908 

Be 

36 

3 

S.16 

C) 

9043 

8709 

8884 

(l)CeC2)and(3)Cc 

37 

2 

5.35 

On  bed . . . 

11  161 

9127 

10  144 

Ba 

2 

5.13 

On  edge.- 

11033 

8800 

9916 

Ba 

38 

2 

5.43 

Onbed ... 

12  492 

11398 

11945 

(l)Aa(2)Ba 

1 

4.94 

On  edge . . 

10  585 

10  585 

Be 

39 

2 

4.56 

On  bed... 

10  697 

10  218 

10  458 

Cc 

2 

4.84 

On  edge.. 

9409 

9079 

9244 

Co 

40 

2 

5.00 

On  bed... 

27  827 

27  857 

28  792 

Ae 

2 

5.00 

On  edge.. 

22  391 

21600 

21  996 

Af 

41 

3 

4.69 

On  bed... 

18  912 

15  283 

17  077 

Aa 

42 

3 

5.25 

...do 

19  428 

15  177 

17  664 

(l)and(2)Ab(3)Ad.  Edges  spalled 
at  two-thirds  the  ultimate  load 

43 

3 

5.16 

...do 

18  948 

17  205 

18  274 

(l)Aa(2)Ab(3)Ab 

44 

3 

5.02 

...do 

18  427 

15  109 

16  473 

Aa 

45 

3 

4.85 

...do 

15  925 

13  650 

14  908 

(l)and(2)Ae(3)Ac 

46 

3 

5.09 

...do 

18  658 

14  588 

17  182 

Aa 

47 

2 

5.08 

...do 

16  845 

14  718 

15  781 

Ad 

2 

4.95 

On  edge.. 

16  766 

15  545 

16  156 

(l)Ad(2)Ab 

43 

2 

6.05 

On  bed... 

18  245 

17  082 

17  664 

(l)Ad(2)Aef 

2 

6.05 

On  edge.. 

17  238 

15  902 

16  570 

Ad 

49 

2 

5.45 

On  bed... 

25  034 

22  037 

23  535 

Ai  iStrong  odor  of  HaS  noted  at  rup- 

2 

5.42 

On  edge.. 

24  777 

21  261 

23  019 

Ae      ture 

50 

4 

4.24 

C) 

14  547 

12  255 

13  537 

Aa    Faint  odor  of  HjS  noted  at  rup- 
ture 

o  Direction  of  bedding  not  distinguishable. 
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Ref. 
No. 

Tests 
made 

Average 
stressed 
area,  in 
square 
inches 

Manner  of 
testing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks 

1 

Highest 

Lowest 

Average 

1 

2 

5,08 

On  bed. .. 

25  403 

21960 

23  682 

(l)Aa(2)Ai 

2 

4.96 

On  edge. . 

14  000 

13  756 

13  878 

Ai 

2 

2 

5.08 

On  bed... 

25  405 

24  125 

24  765 

Ai 

2 

5.04 

On  edge. . 

28  814 

26  705 

27  760 

Ai 

3 

2 

5  12 

On  bed... 

18  909 

17  990 

18  450 

A) 

2 

5.00 

On  edge . . 

19  446 

17  530 

18  488 

Aii 

4 

2 

5.18 

On  bed... 

12  059 

11953 

12  006 

(l)Aab(2)Acd 

2 

4.98 

On  edge. . 

9583 

9527 

9555 

Cef 

5 

2 

5,70 

On  bed... 

14  171 

12  459 

13  315 

(l)and(2)Aeii.3)Ac(4)Ae 

2 

5.49 

On  edge . . 

14  843 

14  227 

14  535 

Ac 

6 

2 

4.36 

On  bed... 

11  184 

10  356 

10  770 

Co 

2 

4.36 

On  edge. . 

10  570 

9948 

10  259 

(l)Ccd(2)Ca 

7 

2 

6  31 

On  bed... 

11  592 

10  954 

11273 

Bel 

2 

6  42 

On  edge. . 

9439 

9086 

9262 

Bef 

8 

2 

5.03 

On  bed... 

15  465 

13  950 

14  708 

(l)Aad(2)Bc 

2 

5.16 

On  edge. . 

10  190 

10  135 

10162 

Be 

9 

1 

4.  84 

On  bed. . . 

8715 

8715 

Ce 

2 

5,12 

On  edge. . 

8402 

7697 

8050 

(l)Cc(2)Cab 

10 

2 

4.82 

On  bed... 

10  499 

10114 

10  306 

(l)Bab(2)Cab 

1 

5.  22 

On  edge. . 
On  bed... 

9944 

9944 

Ccd 

11 

2 

5.34 

9353 

8160 

8756 

(l)Cf(2)Ce 

2 

5.29 

On  edge. . 

8179 

7577 

7878 

Cel 

12 

2 

5.29 

On  bed-. - 

10  993 

10138 

10  560 

(l)Af(2)Ab 

2 

5.36 

On  edge. . 

10  225 

9730 

9978 

(l)Be(2)Ae 

13 

2 

5.35 

On  bed... 

9845 

9836 

9840 

(l)CaC2)Ba 

1 

4.  84 

On  edge. . 
On  bed . . . 

7894 

7894 

Ce 

14 

2 

5.49 

15  213 

13  978 

14  596 

(l)Ac(2)Al 

2 

5.54 

On  edge .  . 

14  553 

14  493 

14  523 

Aef 

15 

2 

5.13 

On  bed.. . 

11336 

9852 

10  594 

(i)Aa(2)Ae 

2 

5.20 

On  edge. . 

11413 

9458 

10  436 

(l)Ca(2)Aa 

16 

1 

4.»3 

On  bed.. . 

25  079 

25  079 

Ai 

2 

5.06 

On  edge. . 

21450 

15  902 

18  676 

Ai 

17 

1 

5.33 

On  bed. . . 

28  906 

28  906 

Ai 

1 

5.06 

On  edge . . 
On  bed.. - 

36  156 

36  156 

Ai 

18 

2 

5.28 

14  679 

12  963 

13  821 

Aa 

1 

5.26 

On  edge. . 
On  bed... 

13  954 

13  954 

Ae 

19 

2 

5.90 

13  184 

12  232 

12  708 

(l)Ac(21Acl 

2 

5.26 

On  edge. . 

12  273 

11  631 

11952 

(l)Aa(2)Ae 

20 

2 

5.16 

On  bed... 

18  631 

17  281 

17  956 

Acd 

2 

5.18 

On  edge. . 

18  544 

17  794 

18  169 

(l)Acd(2)Ad 

21 

2 

5.  21 

On  bed.. . 

21672 

20  050 

20  861 

Ai 

2 

4  96 

On  edge. . 

19  702 

19  500 

19  601 

(l)Aci(2)Ae 

22 

2 

5.10 

On  bed... 

13  158 

12  251 

12  704 

Aa 

2 

5.34 

On  edge. . 

12  509 

12  409 

12  459 

Ae 

23 

2 

5.13 

On  bed. . . 

15  700 

12  289 

13  994 

(l)Ae(2)Ac 

1 

5.24 

On  edge. . 

12  252 

12  252 

Ae 

24 

1 

5.13 

On  bed. .. 

16  899 

16  899 

Ac 

1 

5.  18 

On  edge. . 

11482 

11482 

Ce 

25 

2 

3.83 

On  bed... 

30  870 

27  961 

29  416 

A! 

2 

3.87 

On  edge.  . 

31550 

25  568 

28  559 

A* 
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TABLE  3— Continued 
[For  explanation  of  symbols  in  '•  Remarks  "  column  see  footnote  (a)  on  p.  35J 


Ref. 

Tests 
made 

Average 
stressed 
area,  in 
square 

Manner  of 
testing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks 

No. 

Inches 

Highest 

lowest 

Average 

26 

1 

5.02 

On  bed.. - 

15  061 

15  061 

Aa 

2 

5.18 

On  edge. . 

13  516 

12  965 

13  240 

(l)Ca(2)Ce 

27 

2 

5.31 

On  bed... 

17  442 

16  090 

16  766 

Ac 

2 

4.38 

On  edge. . 

17  736 

16  650 

17  193 

Aef 

28 

2 

4.97 

On  bed... 

8535 

8471 

8503 

DC 

2 

4.90 

On  edge- . 

8965 

8625 

8795 

(l)Dd(2)Cc 

29 

2 

6.39 

On  bed... 

20  284 

18  563 

19  424 

(l)Ab(2)Ae 

2 

6.32 

On  edge. . 

19  284 

17  210 

18  247 

Af 

30 

2 

5.11 

On  bed... 

11  869 

11  186 

11528 

(l)Bb(2)AlJ 

2 

5.13 

On  edge. . 

13  231 

12  291 

12  761 

Ae 

31 

2 

5.12 

On  bed... 

12  231 

11703 

11967 

(l)Aa(2)Ab 

2 

5.08 

On  edge. . 

17  203 

15  026 

16  114 

Aai 

32 

2 

5.20 

On  bed... 

11492 

10  213 

10  852 

(l)Cc(2)Ca 

1 

5.06 

On  edge. . 

9770 

9770 

Cef 

33 

5.02 

On  bed... 

12  766 

11  243 

12  004 

(l)Ac(2)Aa 

2 

4,74 

On  edge. . 

10  788 

9312 

10  050 

Cc 

34 

2 

5.16 

On  bed.. . 

11  095 

9414 

10  254 

(l)Bc(2)Cc 

1 

5.  22 

On  edge. . 

10  856 

10  856 

Ba 

35 

3 

5.28 

8677 

8350 

8587 

(l)Ca(21and(3)Ce 

2 

5.30 

On  bed... 

10  233 

8719 

9476 

(l)Bab(2)Ca 

36 

2 

5.32 

On  edge.  . 

10  907 

10  422 

10  664 

Ba 

37 

1 

5.38 

On  bed... 

10  067 

10  067 

Ca 

1 

4.  74 

On  edge. . 

7804 

7804 

Cef 

38 

2 

4.70 

On  bed... 
On  edge. . 
On  bed... 

9931 
7856 

9355 

9643 
7856 

Ccd 
Dcd 

39 

2 

5.12 

18  672 

12  466 

15  569 

(l)Ah(2)Ae 

2 

5.12 

On  edge. . 

17  898 

16  447 

17  172 

Ae 

40 

3 

4.54 

On  bed... 

18  429 

17  300 

17  823 

Aa 

41 

2 

4.92 

...do 

17  566 

16  862 

17  214 

(l)Bab(2)Aab(3)Aa 

42 

3 

4.99 

...do 

17  388 

16  187 

16  892 

(l)Aa(2)and(3)Ba 

43 

3 

5.07 

...do 

17  243 

16  139 

16  515 

Ba 

44 

3 

4.98 

...do 

15  230 

13  998 

14  474 

Ba 

45 

3 

5.14 

...do 

19  308 

14  180 

17  453 

(i)Ba(2)aiid(3)Aa 

46 

2 

5.08 

do 

15  473 

15  347 

15  410 

Aa 

47 

1 

4.80 

On  edge. . 

17  750 

17  750 

Aa 

2 

6.06 

On  bed... 

16  603 

15  828 

16  216 

Aa 

48 

2 

6.18 

On  edge. . 

16  366 

15  160 

15  736 

Ae 

49 

2 

5.48 

On  bed... 

24  211 

23  717 

23  964 

Aa 

2 

5.44 

On  edge. . 

23  340 

22  859 

23  100 

(l)Aa(2)Ab 

50 

4 

4.62 

(-) 

15  097 

12  532 

13  417 

(l)and(2)Cd(3)Bd(4)Bab. 
odor  of  HiS  given  off.) 

(FaUt 

a  Direction  of  bedding  not  distinguishable. 
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TABLE  4. — Compressive  Strength  Tests  of  Specimens  Frozen  and  Thawed  30  Times 
[For  explanation  of  symbols  in  "Remarks**  column  see  footnote  (a)  on  p.  35] 


Ref. 

No. 

Tests 
made 

Average 
stressed 
area,  in 
square 
inches 

1 

Manner  of 
testing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks                      • 

Highest 

Lowest 

Average 

1 

2 

4.89 

On  bed... 

25  520 

24  436 

24  978 

(l)Ae(2)Ai 

2 

5.12 

On  edge.. 

20  122 

17  838 

18  980 

(l)Ae(2)Aef 

2 

2 
2 

5.07 
5.03 

On  bed... 
On  edge.. 

25  301 
29  057 

22  946 
22  420 

24  124 

25  738 

(l)Ah(2)Aih"    ^"^"^    '"    "'^"  " 
three-fourths  the  ulti- 
mate load 

3 

2 

5.00 

On  bed... 

22  036 

19  611 

20  824 

Agj 

2 

5.00 

On  edge.. 

20  035 

19  881 

19  958 

Agi 

4 

2 

5.30 

On  bed. . . 

12  393 

12  203 

12  298 

Ac 

1 

5.02 

On  edge.. 

8906 

8906 

Ae 

5 

3 

5.63 

On  bed... 

14  660 

12  165 

13  230 

Aa 

6 

2 

4.40 

...do 

10  717 

10  701 

10  709 

Da 

1 

4.39 

On  edge.. 

10  173 

10  173 

Da 

7 

2 

6.30 

On  bed... 

11539 

11384 

11461 

Da 

2 

6.20 

On  edge.. 

9466 

9305 

9385 

De 

8 

2 

5.20 

On  bed... 

12  773 

11954 

12  363 

Aa 

2 

5.24 

On  edge.. 

8994 

8446 

8720 

Be 

9 

2 

5.04 

On  bed... 

9434 

8770 

9102 

(l)Ca(2)Ce 

2 

4.97 

On  edge.. 

8808 

7325 

8066 

Ca 

10 

2 

4.82 

On  bed... 

9067 

8400 

8734 

(l)Ca(2)Da 

2 

5.00 

On  edge.. 

8968 

8230 

8599 

Da 

11 

2 

5.40 

On  bed... 

9068 

8372 

8720 

(l)Ca(2)Ba 

2 

5.46 

On  edge.. 

7204 

7004 

7104 

(l)Ca(2)Ba 

12 

2 

5.13 

On  bed... 

11  939 

10  636 

11288 

Ca 

2 

5.34 

On  edge.. 

11005 

9658 

10  332 

Ca 

13 

2 

5.05 

On  bed... 

10  404 

10  073 

10  238 

(l)Aa(2)Ba 

2 

5.14 

On  edge.. 

8159 

7489 

7824 

(l)Be(2)Ce 

14 

2 

5.53 

On  bed..- 

15  321 

14  109 

14  715 

Aa 

2 

5.52 

On  edge.. 

13  829 

13  087 

13  458 

Ba 

15 

2 

5.42 

On  bed... 

10  454 

8991 

9722 

(l)Be(2)Ba 

2 

5.  16 

On  edge.. 

10  577 

9213 

9895 

(l)Cab(2)Ca 

16 

2 

5.05 

On  bed... 

26  535 

23  438 

24  986 

{l)Aa(2)Ai  All  began    spalling  at 

17 

2 

5.26 

...do 

34  677 

29510 

32  094 

Al                    about  two-thirds  the 

1 

5.11 

On  edge.. 

22  945 

22  945 

Al              J    ultimate  load 

18 

2 

5.33 

On  bed... 

14  953 

13  630 

14  292 

(l)Ad(2)Aa 

2 

5.28 

On  edge.. 

13  037 

12  994 

13  016 

Ac 

19 

2 

5.48 

On  bed... 

13  845 

12  970 

13  408 

Aa 

2 

5.16 

On  edge.. 

11519 

10  456 

10  988 

Ae 

20 

2 

5.12 

On  bed... 

15  986 

15  947 

15  966 

(l)Acd(2)Ac 

2 

5.18 

On  edge.. 

17  514 

14  533 

16  024 

(I)Acd(2)Ad 

21 

2 

5.36 

On  bed... 

20  844 

17  488 

19  166 

(l)Ab(2)Aa 

2 

5.29 

On  edge.. 

24  008 

22  724 

23  366 

(l)Aa(2)Acd 

22 

1 
2 

5.06 
4.94 

On  bed... 
On  edge,. 

14  456 

17  002 

14  456 
16  490 

Ac 

15  979 

Ae 

23 

1 

1 

5.15 
5.11 

On  bed... 
On  edge.. 

17  668 
16  489 

17  668 
16  489 

Ac 

Cc 

24 

2 

5.24 

On  bed... 

16  930 

16  773 

16  852 

Aa 

1 

4.84 

On  edge.. 

13  362 

13  362 

Ba 

25 

3 

4.98 

On  bed... 

27  676 

26  329 

26  616 

Ai    Began  to  spall  at  about  one-half 
the  ultimate  load 

40 
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TABLE  4— Continued 
[For  explanation  of  symbols  in  "Remarks  **  column  see  footnote  (u)  on  p.  351 


Ref. 

Tests 
made 

Average 
stressed 
area, in 
square 
inches 

Manner  of 
testing 

Compressive  strength,  in 
pounds  per  square  inch 

Remarks 

No. 

Highest 

Lowest 

Average 

26 

2 

4.11 

On  bed... 

22  204 

19  250 

20  727 

AglBegan  to  spall  at  about  three- 

2 

4.02 

On  edge. 

23  302 

23  276 

23  289 

Agf     fourths  the  ultimate  load 

27 

2 

5.22 

On  bed.. 

13  581 

13  298 

13  440 

(l;BaC2)Bc 

1 

5.  15 

On  edge. 

13120 

13  120 

Ce 

28 

2 

5.  17 

On  bed.. 

20  260 

19  182 

19  721 

Ac 

2 

4.87 

On  edge. 

18  102 

17  967 

18  034 

Ae 

29 

2 

5.02 

On  bed.. 

10  235 

9612 

9924 

Ca 

2 

4.88 

On  edge. 

8360 

8148 

8254 

Ce 

30 

2 

6.42 

On  bed.. 

18  722 

18  650 

18  686 

Aa 

2 

6.32 

On  edge. 

21563 

19  559 

20  561 

(l)Aa(2)Ae 

31 

2 

5.18 

On  bed.. 

11  418 

9432 

10  425 

(l)Ba(2)Bc 

2 

5.28 

On  edge. 

10  797 

9306 

10  052 

(l)Ba(2)Bef 

32 

2 

5.08 

On  bed.. 

14  559 

13  213 

13  886 

Aa 

2 

4.98 

On  edge. 

15  112 

10  686 

12  899 

Aa 

33 

2 

5.27 

On  bed.. 

14  661 

12  558 

13  610 

Ae 

2 

5.00 

On  edge. 

9008 

8180 

8594 

(l)Ce(2)Ca 

34 

2 

4.98 

On  bed.. 

11  083 

9569 

10  326 

(l)Bcf(2)Cb 

2 

4.84 

On  edge. 

9919 

7383 

8651 

(l)Cef(2)Cds 

35 

2 

5.06 

On  bed.. 

10  533 

9875 

10  229 

Ca 

2 

4.97 

On  edge. 

10  042 

9336 

9689 

(l)Cb(2)Cd 

36 

3 

5.47 

(«) 

8685 

7699 

8116 

(1,  2)Cb(3)Cad.  Pronounced  odor 
of  HiS  at  rupture 

2 

5.48 

On  bed.. 

8888 

8416 

8652 

(15Ca(2)Cb 

37 

2 

5.29 

On  edge. 

8782 

6703 

7742 

(l)Da(2)Cc 

1 
1 

5.31 
4.  84 

On  bed.. 
On  edge. 
On  bed.. 

11316 
9514 

11316 
9514 

Ce 

38 

Ca 

2 

4.83 

8724 

8675 

8700 

39 

2 

4.62 

On  edge. 

9057 

8547 

8702 

2 

5.06 

On  bed.. 

21  521 

17  577 

19  049 

Ab 

40 

2 

5.15 

On  edge. 

17  105 

15  376 

16  240 

(l)Af,(2)Aa 

41 

3 

4.46 

On  bed.. 

18  228 

15  652 

16  551 

Ab 

42 

3 

5.11 

...do 

19  459 

19  298 

19  379 

Ab 

43 

3 

4.73 

...do 

18  292 

16  612 

17  295 

(1,  2)Ab,(3)Ai 

44 

3 

4.94 

...do 

15  721 

15  084 

15  508 

(1,  2)Ab,(3)Bb 

45 

3 

5.35 

...do 

15  352 

13  185 

14  595 

(1,  2)Db,  Cb 

46 

3 

5.22 

...do 

16  705 

16  013 

16  370 

Ab 

47 

2 

5.12 

...do 

15  615 

14  715 

15  165 

(l)Ab,  (2)Ade 

2 

5.08 

On  edge. 

16  221 

14  652 

15  436 

(l)Aab,(2)Ab 

48 

2 

6.00 

On  bed.. 

16  748 

15  305 

16  026 

(l)Aef,  (2)A1 

2 

5.87 

On  edge. 

15  017 

14  513 

14  765 

(l)Ab,(2)Aa 

49 

2 

5.50 

On  bed.. 

24  075 

23  451 

23  763 

Cl)Ac(2)Aa.  Strong  HiS  odor  given 
off  at  rupture 

50 

1 

5.43 

(<■) 

21  980 

21980 

Ab 

3 

4.21 

On  edge. 

13  598 

12  628 

13  236 

{l,2)Ca(3)Cc.  Faint  odor  of  HiS 
given  ofl  at  rupture 

o  Direction  of  bedding  not  distinguishable. 
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TABLE  5. — Comparison  of  Average  Compressive  Strength  Obtained  by  Testing  Speci- 
mens, Dry,  Wet,  and  Frozen  30  Times,  and  Change  of  Weight  on  Freezing 


Set. 

No. 

Mmner  ol 
testing 

Average  compressive 
strength,  in  pounds  per 
square  inch 

Per  cent  change  in  strength  on — 

Per  cen 

in  wei 

freezi 

tin 

change 
ght  on 
ng  30 

Dry 

Wet 

Frozen 

Soaking 

Freezing  30  times 

es 

Loss 

Gain 

Loss 

Gain 

Loss 

Gain 

1 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

Oa  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge '.. 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

On  bed 

On  edge 

24  414 
20  383 

28  132 

29  526 
20  582 

18  782 

12  870 
9968 

14  269 
14  797 

10  619 
8798 

11  903 
10  073 
16  004 

9827 

9058 

11054 

10  691 

10  558 

9245 

7850 

13  131 

10  682 
11281 

9156 

16  704 

13  616 

12  399 

11  682 

19  415 
31017 
50  205 
44  470 

14  630 

12  886 
14  516 
12  672 

20  416 

20  493 

21  622 
20  970 
12  658 
14  241 
14  744 
11456 

17  787 
11415 

23  682 
13  878 

24  765 

27  760 
18  450 
18  488 

12  006 
9555 

13  315 

14  535 
10  770 
10  259 
U  273 

9262 

14  708 

10  162 

8715 

8050 

10  306 

9944 

8756 

7878 

10  566 

9978 

9840 

7894 

14  596 

14  523 

10  594 

10  436 

25  079 

18  676 

28  906 
36  156 
13  821 
13  954 
12  708 
11952 

17  956 

18  169 
20  861 

19  601 
12  704 

12  459 

13  994 
12  252 
16  899 
11582 

24  978 

18  980 

24  124 

25  733 
20  824 

19  958 

12  298 
8906 

13  230 

3.0 
31.9 
11.9 
6.0 
10.4 
1.5 
6.7 
4.1 
6.7 
1.8 

2.3 

0.01 
.00 
.00 
.00 
.00 

6.6 
14.2 
12.8 

2 

0  00 

3 

1.2 
6.3 

.00 

01 

4 

4.4 
10.6 
7.3 

.02 
.02 
.03 

S 

6 

10  709 

10  173 

11  461 
9385 

12  363 
8720 
9102 
8066 
8734 
8599 
8720 
7104 

11288 
10  332 
10  238 
7824 
14  715 

13  458 
9722 
9895 

24  986 

1.4 
16.6 

.9 
15.6 

.05 
.06 
.04 
.04 
.00 
.01 
.02 
.02 
.02 
.00 
.02 
.02 
.01 
.00 
.02 
.02 
.02 
.01 
.02 
.02 
.01 
.01 
.01 

7 

5.3 
8.0 
8.1 

3.? 

6.8 
22.8 
11.3 

8 

,00 

3.4 

9 

3.8 
27.2 
3.6 
5.8 
5.3 

.5 

27.0 

18.3 

18.5 

5.6 

9.5 

14.0 

3.3 

9.3 

14.5 

11.9 

1.2 

21.6 

15.3 

in 

.00 

11 

.4 

^?. 

19.5 
6.6 
12.8 
13.8 
12.6 

.00 

n 

14 

6.6 

IS 

14.5 
10.7 

16 

29.2 

28.7 

39.8 
42.4 
18.7 
5.5 

17 

32  094 

22  945 

14  292 
13  016 

13  408 
10  988 

15  966 

16  024 
19166 

23  366 

14  456 

16  490 

17  668 
16  489 
16  852 
13  362 

62.1 
48.4 
2.3 

.06 

IS 

.04 
.03 
.04 
.05 
.00 
.00 
.02 
.02 
.02 
.02 
.08 
.28 
.04 
.05 

8.3 

1.0 

11 

12.4 
5.7 
12.1 
11.3 
3.5 
6.5 

7.6 
13.3 
21.8 
21.8 
11.3 

70 

.00 

.00 

?1 

11.4 
14.2 
15.1 
19.8 
43.9 

?? 

.04 

12.5 
5.1 

?1 

6  9 

?4 

5.1 
.3 

5.3 

16.0 
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TABLE  5 — Continued 


Ref. 

No.  I 


Manner  ol 
testing 


25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 
37 

38 

39 

40 

41 
42 
43 
44 

4S 

46 
47 

48 

49 

50 


On  bed.. 
On  edge-. 
On  bed.. 
On  edge.. 
On  bed.. 
On  edge. 
On  bed.. 
On  edge.. 
On  bed.. 
On  edge.. 
On  bed... 
On  edge.. 
On  bed.. 
On  edge. 
On  bed.. 
On  edge.. 
On  bed.- 
On  edge.. 
On  bed.. 
On  edge. 
On  bed.. 
On  edge.. 
On  bed.. 

do 

On  edge . 
On  bed.. 
On  edge . 
On  bed.. 
On  edge . 
On  bed.. 
On  edge. 
On  bed.. 

...do.... 

...do.... 

...do.... 

...do.... 

...do.... 

...do.... 
On  edge. 
On  bed.. 
On  edge. 
On  bed.. 
On  edge. 
C) 


Average  compressive 
strengtli,  in  pounds  per 
squais  inch 


Diy 


27  390 
23  682 
22  624 

22  003 

15  598 

13  908 
18  933 
18  522 

9325 

8880 

20  222 

18  413 

11  773 

12  261 

12  576 
11906 
11012 

9922 
11545 

10  194 

11  636 
11  908 

8884 
10  144 

9916 
11945 
10  585 
10  458 

9244 

28  792 
21996 
17  077 

17  664 

18  274 

16  473 

14  908 

17  182 

15  718 

16  156 

17  664 
16  570 

23  535 
23  019 

13  537 


Wet 


29  416 
28  559 


15  061 

13  240 

16  766 

17  193 
8503 
8795 

19  424 

18  247 
11528 
12  761 
11967 

16  114 
10  852 

9770 

12  004 
10  050 
10  254 
10  856 

85S7 
9476 
10  664 
10  067 
7804 
9643 
7856 

15  569 

17  172 
17  823 
17  214 

16  892 

16  515 

14  474 

17  453 

15  410 
17  750 

16  216 
15  763 
23  964 
23  100 

13  417 


Frozen 


20  727 
23  289 
13  440 
13  120 

19  721 
18  034 

9924 
8254 

18  686 

20  561 
10  425 
10  052 
13  886 

12  899 

13  610 
8594 

10  326 
8651 

10  229 
9689 
8116 
8652 
7742 

11316 
9514 
8700 
8702 

19  049 
16  240 

16  551 
19  379 

17  295 

15  508 

14  595 

16  370 

15  165 

15  436 

16  026 
14  765 
23  763 

21  980 
13  236 


Per  cent  change  in  strength  on- 


Soaking 


Loss 


3.4 
4.8 
11.4 
7.2 
8.8 

.9 
4.0 

.9 
2.1 


1.4 
1.5 


1.4 
11.9 


3.3 
6.6 


15.7 
26.3 
7.8 
15.0 
46.0 
21.9 


2.5 
7.6 


2.9 
2.0 


8.2 
4.9 


Gain 


7.4 
11.2 


7.5 


.3 
1.6 
9.9 


1.8 
.4 


Freezing  30  times 


Gata 


13.8 
5.7 


2.6 


7.0 
7.6 


11.4 
18.0 


13.4 
10.6 
15.2 
12.1 
18.6 

8.6 
14.8 
22.0 

5.3 
10.1 
16.8 

5.8 
34.5 
26.2 

3.1 


5.4 
5.8 
2.1 
4.7 
3.5 
4.5 
9.3 
10.9 


4.5 
2.2 


5.8 


Per  cent  change 

in  weight  on 

freezing  30 

times 


Loss 


4.2 
6.4 


10.4 

8.3 

23.6 


9.7 


.02 

.02 
.04 
.04 
.01 
.00 
.20 
.24 
.06 
.10 
.04 
.04 
.00 
.00 
.00 
.00 
.10 
.10 
.00 
.02 
.02 


.03 
.02 

.03 
.02 
.00 
.01 
.04 
.04 
.01 
.02 
.02 
.03 
.02 


Gain 


0.02 
.02 


.00 
.00 
.00 


.07 
.08 


I 


o  Direction  of  bedding  not  distinguishable. 
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Tests 
made 


Manner  of  testing 


Tensile  strength,  in  pounds, 
per  square  iilch 


Highest      Lowest     Average 


Perpendicular  to  bed 

....do 

....do 

...do 

Paralie!  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

....do 

....do 

....do 

....do 

....do 

Parallel  to  bed 

Perpendicular  to  bed 

d" ^- 

do 

do 

Parallel  to  bed 

Perpendicular  to  bed 

do 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

Parall&l  to  bed 

Perpendicular  to  bed 

do 

Parallel  to  bed ; 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed ■ 

do ;. 

do 

Parallel  to  bed 

Perpendicular  to  bed 

Parallel  to  bed 

Perpendicular  to  bed 

(o) 

Perpendicular  to  bed 

do 

a  Direction  of  bedding  not  distinguishable. 


2490 

2485 

1518 

844 

566 

933 

1075 

431 

326 

416 

183 

1352 

520 

900 

645 

703 

1059 

807 

1319 

1105 

1389 

.  688 

603 

456 

953 

927 

853 

695 

1494 

981 

1817 

1106 

1475 

822 

703 

652 

379 

772 

569 

1212 

1660 

802 

534 

962 

538 

683 

460 

988 

596 


1051 

2085 

1111 

735 

485 

548 

713 

384 

301 

321 

119 

1194 

452 

553 

544 

662 

777 

579 

1134 

844 

1285 

644 

521 

419 

925 

853 

781 

562 

1434 

769 

1683 

1094 

1467 

748 

671 

594 

291 

513 

367 

1077 

1032 

735 

408 

850 

472 

586 

416 

781 

495 


1609 

2254 

1281 

779 

513 

752 

902 

413 

313 

367 

154 

1248 

491 

695 

585 

678 

887 

678 

1239 

982 

1329 

666 

556 

439 

940 

885 

772 

636 

1465 

899 

1771 

1098 

1470 

785 

685 

619 

328 

584 

475 

1155 

1323 

762 

453 

SS7 

500 

641 

438 

890 

556 
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TABLE  7— Continued 


• 

Ret. 

Tests 

No. 

made 

39 

3 

40 

3 

41 

3 

3 

42 

3 

43 

3 

3 

44 

3 

45 

3 

3 

46 

3 

3 

47 

3 

3 

43 

3 

3 

49 

3 

3 

5C 

3 

Manner  of  testing 


Tensile  strengtli.  In  pounds^ 
per  square  incli 


Highest     Lowest      Average 


PaiBlIel  to  bed 

Perpendicular  to  bed. 

....do 

Parallel  to  bed 

Perpendicular  to  bed. 

do 

Parallelto  bed 

Perpendicular  to  bed. 

do 

Parallel  to  bed 

Perpendicular  to  bed. 

ParaUeltobed 

Perpendicular  to  bed. 

Parallelto  bed 

Perpendicular  to  bed. 

Parallelto  bed 

Perpendicular  to  bed. 

Parallelto  bed 

i.^) ..--- 


324 

296 

308 

1862 

1043 

1351 

1173 

1060 

1118 

1533 

1348 

1447 

1541 

1218 

1424 

1620 

1520 

1554 

1582 

1493 

1551 

1474 

1348 

1424 

1438 

1167 

1325 

1273 

692 

1007 

1481 

1297 

1417 

1152 

879 

1034 

1422 

1392 

1411 

1377 

1123 

1222 

1618 

1284 

1489 

1388 

1210 

1292 

1211 

1182 

1197 

1270 

1105 

1204 

932 

893 

911 

a,  Direction  of  bedding  not  distinguishable. 


Properties  of  Marble 


49 


TABLE  8. — True  Specific  Gravity,  Apparent  Specific  Gravity,  Porosity,  and  Weight 

per  Cubic  Foot 


Ref. 

No. 

True  specific  gravity 

Apparent  specific  gravity 

Porosity 

Weight 

j 
Tests 
made 

Highest 

Lowest 

Average 

Tests 
made 

Higliest 

Lowest 

Average 

cubic 
fool 

1 

4 

4 

2.824 
2.836 

2.744 
2.831 

2.793 
2.834 

174.6 

2 

4 

2.859 

2.847 

2.854 

0.70 

177.1 

3 

4 

2.786 

2.773 

2.779 

4 

2.771 

2.758 

2.764 

.54 

172.8 

4 

3 

2.744 

2.732 

2.737 

3 

2.715 

2.713 

2.714 

.84 

169.6 

5 

4 

2.749 

2.733 

2.739 

2 

2.729 

2.727 

2.728 

.40 

170.5 

6 

3 

2.728 

2.720 

2.723 

3 

2.712 

2.711 

2.  7U 

.44 

169.4 

7 

7 

2.738 

2.714 

2.729 

3 

2.717 

2.715 

2.716 

.48 

169.7 

8 

4 
3 

4 
4 

2.709 
2.703 

2.709 
2.701 

2.709 
2.702 

169  3 

9 

2.731 

2.714 

2.723 

.77 

168.9 

10 

4 

2.734 

2.722 

2.726 

4 

2.713 

2.712 

2.713 

.48 

169.6 

n 

4 
4 
4 

2.709 
2.700 
2.713 

2.707 
2.699 
2.710 

2.708 
2.700 
2.712 

169  2 

12 

168  8 

13 

3 

2.734 

2.722 

2.728 

.59 

169.5 

U 

4 

2.724 

2.714 

2.721 

4 

2.710 

2.709 

2.710 

.40 

169.4 

15 

4 

4 
4 
4 
3 

2.709 
2.847 
2.842 
2.707 
2.746 

2.705 
2.842 
2.840 
2.703 
2.738 

2.708 
2.844 
2.841 
2.705 
2.741 

16 

177  7 

17 

177  5 

13 

19 

4 

2.762 

2.748 

2.753 

.43 

171.3 

20 

4 

2.885 

2.872 

2.879 

4 

2.864 

2.861 

2.863 

.56 

178.9 

21 

3 

2.881 

2.873 

2.876 

3 

2.860 

2.855 

2.858 

.63 

178.6 

22 

3 

2.877 

2.876 

2.876 

3 

2.864 

2.852 

2.858 

.63 

178.6 

23 

3 

2.735 

2.728 

2.732 

3 

2.719 

2.717 

2.718 

.51 

169.9 

24 

3 

2.738 

2.728 

2.733 

3 

2.721 

2.720 

2.721 

.44 

170.1 

25 

3 

2.  738 

2.724 

2.732 

3 

2.723 

2.716 

2.720 

.44 

170.0 

26 

4 

2.736 

2.725 

2.729 

4 

2.717 

2.71S 

2.716 

.48 

169.8 

27 

3 

2.742 

2.731 

2.737 

3 

2.721 

2.719 

2.720 

.62 

170.0 

23 

3 

2.883 

2.873 

2.878 

3 

2.863 

2.859 

2.861 

.59 

178.8 

29 

3 

2.737 

2,  726 

2.731 

3 

2.714 

2.713 

2.714 

.62 

169.6 

30 

4 

2.887 

2.870 

2.876 

4 

2.859 

2.854 

2.856 

.70 

178.5 

31 

4 
4 

2.649 
2.665 

2.641 
2.651 

2.643 
2.661 

32 

4 

2.  723  • 

2.713 

2.718 

2.09 

166.3 

33 

3 

2.744 

2.741 

2.742 

4 

2.723 

2.715 

2.719 

.84 

169.9 

34 

4 

2.741 

2.733 

2.737 

4 

2.727 

2.725 

2.726 

.40 

170  4 

35 

3 

2.737 

2.724 

2.730 

4 

2.720 

2.717 

2.718 

.44 

169.9 

36 

4 

2.725 

2.718 

2.722 

3 

2.714 

2.708 

2.710 

.44 

169.4 

37 

4 

2.728 

2.716 

2.722 

4 

2.708 

2.698 

2.705 

.62 

169.1 

38 

2 
4 

2.716 
2.726 

2.714 
2.717 

2.715 
2.721 

169  7 

39 

4 

2.742 

2.728 

2.734 

.48 

170.1 

40 

4 
4 

4 
3 

2.868 
2.703 

2.810 
2.-702 

2.844 
2.703 

177  8 

41 

2.723 

2.716 

2.723 

.73 

168.9 

42 

3 
3 
3 

2.708 
2.706 
2,706 

2.705 
2.705 
2.705 

2.707 
2.705 
2.706 

43 

169  1 

44 

4 

2.725 

2.715 

2.719 

.48 

169.1 

45 

7 

2.733 

2.719 

2.726 

3 

2.706 

2.705 

2.705 

.77 

169.1 

46 

3 
4 
4 
3 

2.707 
2.708 
2.707 
2.838 

2.705 
2.707 
2.704 
2.837 

2.706 
2.708 
2.706 
2.838 

47 

169  2 

48 

169  1 

49 

4 

2.865 

2.844 

2.854 

.58 

177.4 

50 

3 

2.734 

2.720 

2.728 

3 

2.716 

2.715 

2.715 

.48 

169.8 
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TABLE  9.— Absorption  Tests 


Tests  made 

Per  cent  of  absorption 

Ref. 

No. 

By  weight 

By  volume 

Highest 

Lowest 

Average 

Highest 

Lowest 

Average 

1 

4 

0.145 

0.121 

0.131 

0.404 

0.338 

0.366 

2 

4 

.082 

.063 

.073 

.232 

.178 

.206 

3 

4 

.230 

.178 

.203 

.635 

.491 

.560 

4 

3 

.121 

.119 

.120 

.328 

.322 

.325 

5 

3 

.112 

.104 

.108 

.297 

.278 

.286 

6 

3 

.144 

.132 

.137 

.390 

.358 

.372 

7 

3 

.158 

.135 

.146 

.430 

.367 

.398 

8 

4 

.124 

.108 

.116 

.336 

.292 

.314 

9 

4 

.207 

.195 

.201 

.559 

.526 

.543 

10 

4 

.111 

.099 

.102 

.301 

.268 

.276 

11 

4 

.140 

.127 

.134 

.379 

.344 

.363 

12 

4 

.201 

.149 

.186 

.542 

.402 

.502 

13 

4 

.112 

.103 

.106 

.303 

.279 

.287 

14 

4 

.128 

.115 

.122 

.347 

.312 

.330 

IS 

4 

.120 

.083 

.103 

.325 

.225 

.279 

16 

3 

.061 

.044 

.053 

.173 

.125 

.151 

17 

3 

.032 

.028 

.030 

.091 

.080 

.085 

18 

•1 

.170 

.161 

.164 

.459 

.435 

.443 

19 

3 

.080 

.072 

.075 

.219 

.197 

.206 

20 

4 

.124 

.109 

.115 

.355 

.312 

.328 

21 

3 

.093 

.089 

.091 

.266 

.254 

.260 

22 

4 

.126 

.090 

.138 

.360 

.257 

.295 

23 

3 

.085 

.073 

.079 

.231 

.199 

.215 

24 

3 

.062 

.054 

.059 

.169 

.147 

.160 

25 

2 

.054 

.053 

.054 

.147 

.145 

.146 

26 

4 

.024 

.012 

.016 

.065 

.033 

.043 

27 

3 

.063 

.057 

.059 

.173 

.156 

.163 

28 

3 

.133 

.116 

.126 

.380 

.332 

.360 

29 

3 

.117 

.109 

.113 

.317 

.298 

.306 

30 

4 

.143 

.141 

.142 

.408 

.403 

.406 

31 

4 

.495 

.408 

.452 

1.308 

1.079 

1.193 

32 

4 

.363 

.358 

.357 

.965 

.952 

.949 

33 

3 

.103 

.069 

.085 

.280 

.188 

.232 

34 

4 

.108 

.089 

.095 

.295 

.243 

.259 

35 

4 

.103 

.080 

.089 

.280 

.218 

.242 

36 

3 

.160 

.115 

.131 

.434 

.312 

.•355 

37 

4 

.116 

.091 

.108 

.313 

.246 

.292 

38 

2 

.124 

.119 

.122 

.337 

.324 

.332 

39 

3 

.103 

.099 

.100 

.280 

.269 

.272 

40 

4 

.103 

.095 

.099 

.293 

.274 

.281 

41 

3 

.066 

.063 

.065 

.178 

.170 

.175 

42 

3 

.042 

.030 

.037 

.114 

.080 

.100 

43 

3 

.058 

.040 

.047 

.157 

.108 

.127 

44 

3 

.056 

.048 

.052 

.151 

.130 

.140 

45 

3 

.095 

.085 

.091 

.256 

.230 

.245 

46 

3 

.110 

.067 

.082 

.298 

.181 

.188 

47 

4 

.037 

.034 

.035 

.100 

.092 

.095 

48 

4 

.078 

.072 

.075 

.211 

.195 

.203 

49 

3 

.115 

.107 

.110 

.326 

.304 

.312 

50 

3 

.104 

.092 

.099 

.280 

.250 

.269 
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Ref. 

No. 


1 

2 

3 

S 

6 

7 

8 

9 

10 

11 

12 

13 

14 

•    15 

18 

19 

20 

21 

23 

24 

25 

26 

27 

29 

30 

31 

32 

33 

034 

35 

36 

38 

40 

41 

42 

43 

45 

46 

47 

48 

49 

SO 


SiOi 


31.28 
8.38 
7.64 


.40 
.26 


.68 


FejOs 


7.40 
1.00 
1.17 
.05 
.02 
.25 
.04 
.02 
.03 
.04 
.01 
.03 
.03 
.01 
.66 
.U 
.25 
.25 
.03 
.07 
.06 
,03 
.005 
.03 
.14 
.03 
.02 
.05 
.42 
.04 
.04 
.07 
7  62 
.06 
.07  ' 
.06 
.16 
.07 
.17 
.07 
.01 
Trace 


AI1O3 


1.40 
3.52 
6.06 
.20 
.06 
.09 
.06 
.06 
.10 
.06 
.07 
.09 
.20 
.10 
.30 
.23 
.30 
.26 
.13 
.13 
.94 
.40 
.06 
.19 
.26 
.30 
.08 
.17 
.94 
.35 
.09 
.15 
7.68 
.14 
.12 
.26 
.45 
.34 
.51 
.19 
.11 
.14 


Nil 
23.00 
37  60 
54.49 
55.86 
52.70 
54.60 
55.90 
55.30 
55.40 
55.60 
55.54 
54.70 
55.40 
53.76 
50.97 
31.00 
29.99 
55.54 
55.38 
51.76 
52.50 
53.70 
55.48 
31.40 
55.19 
54.29 
53.90 
53.23 
54.48 
55.00 
54.71 
Trace 
55.38 
55.74 
55.60 
55.80 
55.52 
55.00 
55.80 
35.00 
55.80 


MgO 


36.80 

17  80 

10.04 

1.33 

.34 

.29 

.41 

.27 

.41 

.35 

.44 

.46 

.91 

.35 

.81 

4.13 

21.13 

21.22 

.51 

.38 

1.38 

1.43 

.80 

.28 

19.93 

.40 

.23 

1.21 

.92 

.90 

.41 

.68 

35.27 

Trace 

.27 

.07 

.06 

.35 

.36 

.29 

18.65 

.47 


Trace. . 
do.. 

0.03 

Trace.. 

Nil 

do.. 

Trace.. 

do.. 

do.. 

do.. 

do.. 

Nil 

Trace.. 
do.. 

Nil 

do.. 

Trace.. 
do.. 

NU 

do.. 

do.. 

Trace.. 
do.. 

Nil 

Trace.. 

Nil 

do.. 

do.. 

do.. 

do.. 

Trace.. 

NU 

Trace.. 
...do.. 
...do.. 
...do.. 
...do.. 
...do.. 
...do.. 
...do.. 

Nil 

Trace.. 


Loss 

on 

ignition 


Insoluble 
inHCI 


20  87 
41.38 
40.12 
43.81 
43.79 
41.71 
43.18 
43.90 
43.72 
43.  78 
43.86 
43.81 
44.00 
43.70 
43.04 
44.14 
47.37 
45.79 
43.91 
43.13 
42.06 
42.90 
43.98 
43.50 
47.60 
43.87 
45.25 
43.25 
42.20 
43.25 
43.37 
43.  17 
15.  16 
43,95 
43.90 
43.89 
43.68 
43.87 
43.68 
43.90 
46.93 
43.77 


12.17 

.44 

.48 

4.96 

2.24 

.34 

.76 

.70 

.30 

.24 

.23 

.24 

1.74 

.90 

.71 

2.64 

.08 

1.90 

3.42 

2.79 

.34 

.45 

.20 

.40 

.22 

1.94 

2.58 

1.48 

1.10 

1.52 


.08 
.10 
.15 
.54 
.32 
.88 
.24 
.09 
.26 


CO, 


Nil 
40.00 
38.96 
43.65 
43.78 
41.12 
43.94 
43.80 
43.72 
43.46 
43.94 
43.75 
43.80 
43.76 
42.91 
43.69 
4712 
45.43 
43.35 
42.90 
41.48 
42.04 
43.54 
43.35 
47  24 
43.25 
43.41 
39.66 
42.17 
43.22 
43.18 
42.69 
7.22 
43.52 
43.45 
43.58 
42.65 
42.53 
43.16 
44.02 
46.77 
43.86 


a  MnOa=  0.007. 
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TABLE   11.— Staining  Tests 


Aiea 
Ref.     stained, 
Ilo.    in  square 
inches 


Appearance  of  stain 


I  Air  per- 
meability 


Water 
absorp- 
tion, per 
cent  by 
volume 


Porosity 


Per  cent  change  of 
strength  in  freez- 
ing test 


Loss 


Gain 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
18 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 


0.00 

.00 

.00 

0  2.87 

1.78 

1>2.42 

.59 

2.35 
.81 

1.72 

4.18 

1.89 
.46 
.00 

2.82 
.00 
.00 
.40 

2.43 

1.16 
.31 
.77 
.24 
.00 
.00 
.00 

2.87 
.70 
.29 
.45 
C3.01 
.87 
.34 

3.53 
■'3.11 
«2.83 

1.04 
.00 
.32 
.00 
.20 
.17 
.23 
.00 
.00 
.00 
.70 

2.64 


None... 

do.. 

do.. 


Pink 

Pale  pink.. 
Bright  red.. 

Red 

Pale  pink.. 


.do- 


Pink 

do 

Pale  pink 

Nearly  invisible.. 

None 

Pale  pink 

None 

do 


Nearly  invisible. 

Pale  pink 

Pink 

Pale  pink 

do 


Nearly  invisible. 

None 

do 


do 

Pink 

Nearly  invisible. 
do 


Pale  pink 

Pink 

Nearly  invisible. 
do 


do 

do 

Pale  pink 

Red 

None 

Nearly  invisible. 
do 


Pale  pink , 

Nearly  invisible.. 
....do 


None , 

....do 

Nearly  invisible.. 

Pale  pink 

....do 


3.6 
.2 


16.8 
8.6 


5.6 
13.0 


8.2 
9.9 
0 

19.9 
15.8 


.0 
9.0 
4.6 

.1 


16.2 
.0 
.0 


20.0 

2.8 

1.2 

20.5 

12.8 

16.6 

7.9 

1.1 


1.5 
2.5 
1.5 
3.6 

.1 
8.8 

.1 


0.366 
.206 
.506 
.325 
.286 
.372 
.398 
.314 
.543 
.276 
.363 
.502 
.287 
.330 
.279 
.151 
.443 
.206 
.328 
.260 
.295 
.215 
.160 
.146 
.163 
.360 
.306 
.406 

1.193 
.949 
.232 
.259 
.242 
.355 
.292 
.332 
.272 
.281 
.175 
.100 
.127 
.140 
.245 
.188 
.095 
.203 
.312 
.269 


2.3 

0.70 

::: 

.40 
.44 
.48 

14.2 

1.2 

4.4 
7.3 

.9 

3.7 
22.8 

.77 
.48 

.5 

18.3 
5.6 

14.0 
9.3 

11.9 

21.6 

.59 
.40 

28.7 

2.3 
7.6 
21.8 
11.3 

.43 
.56 
.63 
.63 
.51 
.44 
.44 
.62 
.59 
.62 
.70 

14.2 

19.8 

5.3 
2.1 
13.8 

4.2 

6.4 

7.6 
11.4 

2.09 
.84 
.40 
.44 
.44 
.62 

10.4 

23.6 

10.6 
12.1 

8.6 
14.8 

5.3 
16.8 

.48 

.73 

3.1 

9.7 

5.4 
5.8 
2.1 
4.7 
3.5 
9.3 

.48 

.77 

.58 

1.0 

.48 

2.2 

«  Stain  penetrated  to  3  exterior  faces  of  cube  in  3  hours. 
^  Stain  penetrated  to  i  exterior  face  of  cube  in  s*A  hours, 
c  Stain  penetrated  to  4  e.^terior  faces  of  cube  in  30  minutes. 
d  Stain  penetrated  to  i  exterior  face  of  cube  in  1.'^  hours. 
'  Stain  penetrated  to  4  exterior  faces  of  cube  in  3  hoiu'S. 
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Condition  of  specimen 


Immersed  in  water  48  hours 

Dried  in  laboratory  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours,  dried  in  ai  r  26  hours 

Immersed  in  water  48  hours,  dried  in  water  75  hours 

Immersed  in  water  48  hours 

Dried  in  oven  at  1 10°  C 

Immersed  in  water  48  hours 

Dried  in  oven  at  1 10°  C 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  for  several  days 

Immersed  in  water  48  hours,  dried  in  laboratory  air  26  hours 

Immersed  in  water  48  hours,  dried  in  laboratory  air  75  hours 

Immersed  in  water  48  hours 

Dried  in  oven  atllO°C 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  for  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  for  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  flays 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  24  hours,  dried  in  laboratory  air  26  hours 

Immersed  in  water  24  hours,  dried  In  laboratory  75  hours 

Immersed  in  water  48  hours 

Dried  in  oven  at  110°  C 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours,  dried  in  laboratory  air  26  hours 

Immersed  in  water  48  hours,  dried  in  laboratory  air  75  hours 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  24  hours 

Dried  in  lalwratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days , . . 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

o  The  resistance  of  volume  between  two  opposite  faces  of  a  i-cm  cube  of  the  material 
*  Sample  has  a  conducting  vein,  probably  pyrites,  with  low  resistance  at  that  point, 
'  Greater  than  lo". 


Voltage, 
direct 
current 


70 
70 
100 
200 
200 
200 
70 
70 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
200 
200 
70 
70 
100 
200 
200 
200 
100 
200 
100 
200 
100 
200 
100 
200 


Volume 

resistivity, 

ohm- 

centimeters  o 


Il.O 
t^) 

10.0 
2.5 
1.4 
1.8 
6.0 
3.0 
2.0 
4.0 

12.0 
1.8 
7.3 
3.9 
9.0 
6.0 
44 
3.5 
7.6 
9.8 
6.6 
9.8 
7.6 
6.3 
1.1 
2.2 
8.1 
1.8 
1.1 
5.1 
2.8 
1.4 
2.3 
5.5 
2.0 
9.7 
9 
1 

1.4 
3.5 
2.5 

n 

3.5 
1.9 
1.4 
2.4 
7.6 
2.2 
6.4 
1.4 


by  10«. 

by  10«. 
by  10". 
by  10'. 
by  108. 
bylO«. 
by  10«. 
by  10!. 
by  10>2. 
bylQs. 
by  lO". 
by  10". 
by  10". 
by  105. 
by  10'". 
by  10«. 
by  10«. 
by  10». 
by  10'". 
by  10'. 
by  10«. 
by  10'. 
by  1012. 
by  IC. 
by  10". 
byW. 
by  lO". 
by  108. 
by  10". 
by  10'. 
by  lOK. 
by  10'. 
by  10". 
by  1012. 
by  10". 
byl0». 
by  10". 
by  10'. 
by  10". 
by  10". 

by  10". 
by  10". 
by  10'. 
by  10". 
by  10«. 
by  10". 
by  10«. 
by  10". 
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TABLE  12— Continued 


Ref. 

No. 


46 
47 
48 


Condition  of  specimen 


Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  laboratory  air  several  days 

Immersed  in  water  48  hours 

Dried  in  oven  at  110°  C 


Voltage, 
direct 
current 


100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
100 
200 
70 
70 


Volume 
resistivity, 

ohm- 
centimeters 


3.6  by  10«. 
0.2  by  1013. 

2.2  by  10'. 
1.9  by  lOis. 

1.1  by  10'. 
2.4  by  ion. 

1.3  by  10'. 

1.2  by  IQK. 
7.2  by  10«. 
2.9  by  1013. 

9.4  by  106. 
1.1  by  1011. 
3.0  by  10=. 
2.0  by  1012. 


Washington,  December  i,  1918. 
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I.  INTRODUCTION 


The  production  of  the  three  general  classes  of  refractories  manu- 
factured in  the  United  States  in  1914^  may  be  roughly  dixaded 
as  follows : 

Per  cent 

Silica  brick 18 

Fire  clay  brick,  including  bauxite  brick So 

Magnesite  and  chrome  brick 2 

Of  the  silica  brick  produced  in  the  United  States  approximately 
75  per  cent  is  manufacttu'ed  in  Pennsylvania.  In  the  vicinity  of 
Mount  Union  and  HoUidaysburg,  Pa.,  the  ganister  or  quartz  rock 
from  which  the  brick  is  made  occurs  on  the  moimtain  slopes  in 
floes  varying  in  depth  from  a  few  feet  to  20  feet.  The  extensive 
measures  here  carry  good  rock  in  Hmited  but  well-defined  areas. 
Rocks  of  three  other  localities  are  also  important.     The  Baraboo 

'This  paper  deals  only  with  the  effects  on  the  microstnicture  of  siHca  brick  during  the  burning.  For 
the  effect  of  different  procedures  in  grinding  and  burning  and  the  procedure  to  be  followed,  considering 
commercial  limitations,  to  obtain  best  results  the  reader  is  referred  to  a  companion  paper  on  silica  refrac- 
tories, by  Mr.  D.  W.  Ross.  Bureau  of  Standards  Technologic  Paper  No.  ii6. 

*  Seaver,  Mineral  Industry  During  1914,  pp.  900-903. 
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formation  in  Wisconsin  is  used  in  Wisconsin  and  Illinois.  In 
Alabama  a  quartzite,  probably  of  Lower  Cambrian  age,  is  em- 
ployed, while  in  Montana  silica  brick  are  manufactured  in  connec- 
tion with  metallurgical  operations  from  local  rocks.  The  quartz- 
ite used  in  Montana  is  from  the  Quadrant  formation  of  Upper 
Carboniferous  age. 

Good  brick  are  manuf actiued  from  selected  liigh-silica  quartzites 
(containing  over  94  per  cent  SiO,).  After  crushing  and  grinding 
to  size  in  a  wet  pan  from  2  to  3  per  cent  of  lime  is  added  as  milk 
of  lime.  After  being  thoroughly  mixed  in  the  wet  pan  the  mass  is 
generally  molded  by  hand  in  steel  molds.  The  green  brick  are 
then  transferred  to  a  drier,  where  the  mechancial  moisture  is 
removed.  After  drying  they  are  burned  in  kilns,  usually  of  the 
down-draft  type,  at  maximum  temperatures,  stated  by  the  manu- 
facturers as  2565  to  3000°  F  (1400  to  1650°  C). 

During  the  burning  mineralogical  changes  occur  in  which 
minerals  of  lower  density  are  formed,  and  this  results  in  a  per- 
manent expansion  of  the  brick.  If  the  conditions  are  such  that 
these  changes  have  progressed  but  little  during  the  initial  burning 
of  the  brick,  it  is  quite  certain  that  if  these  brick  be  used  in  metal- 
lurgical operations  where  they  are  subjected  to  high  tempera- 
tures further  expansion  will  take  place.  Buckling  and  cracking 
of  restrained  siHca-brick  walls  as  a  result  of  expansion  are  by  no 
means  unknown  and  are  of  serious  consequences.  It  has  therefore 
been  the  aim  of  the  silica-brick  manufacturer  to  "take  out  the 
expansion,"  as  he  terms  it. 

II.  LITERATURE 

The  various  modifications  of  silica  and  their  thermal  relations 
have  interested  a  number  of  investigators  in  the  last  decade. 
They  have  attacked  this  problem  both  in  the  interest  of  pure 
science  and  from  its  practical  application  to  silica  brick.  Grum 
Grzimailo,'  in  his  study  on  the  refractoriness  of  silica  brick,  foimd 
tridjTnite  present,  and  attributed  the  expansion  to  its  formation. 
He  stated  that  a  brick  which  had  received  sufficient  heat  treatment 
to  change  all  the  siUca  to  tridymite  would  suffer  no  further  per- 
manent expansion  on  heating. 

Of  interest  is  the  work  of  Holmquist.^  He  found  that  the  burn- 
ing of  sihca  brick  resulted  in  the  formation  of  quartz,  glassy  slag, 

3  Grum  Grzimailo.  Die  Feuerfestigkeit  der  Dinassteine,  St.^hl  und  Eisen,  31,  pt.  i,  pp.  224-226;  iQir. 
*  Hohnquist.  tjber  die  Bildung  von  Tridymit  und  Cristobalit  in  Quarz-Ziegeln.  Sonderabdruck  aus 
geologiska  Foreningens  I  Stockholm  Forhandlingar;  April.  1911. 
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and  tridymite.  Tridymite  was  noted  mainly  in  the  powdery, 
fairly  porous  groundmass,  and  its  formation  began  in  the  vicinity 
of  what  were  originally  small  segregations  of  lime.  -The  large 
quartz  grains  changed  but  slowly,  first,  into  what  he  called  a  glass, 
since  he  found  it  to  be  completely  isotropic,  and  then  into  tridy- 
mite when  the  quartz  content  became  low.  These  changes  did  not, 
however,  follow  in  regular  sequence,  so  that  in  a  small  piece  of 
silica  brick  he  found  the  three  modifications  quartz,  glass,  and 
trid^Tuite.  In  silica  brick  which  had  begun  to  melt  in  a  Martin 
furnace  he  observed  cristobalite  in  irregular,  rotmded  crystals, 
sometimes  assiuning  an  octahedral  habit.  These  were  weakly 
birefringent  and  showed  complex  twinning.  They  lay  embedded 
in  a  light-yellow  to  brownish-black,  almost  opaque  glass. 

H.  Schulze  and  Alfred  Stelzner,^  as  early  as  1881,  found  tridy- 
mite and  zinc  spinel  in  the  mass  of  a  muifie  used  in  a  furnace  which 
was  employed  in  the  distillation  of  zinc.  The  tridymite  occurred 
as  small  aggregates  of  tabular  crystals  and  twins  in  a  yellow  glass. 
A  few  grains  of  quartz  remained,  which  were  badly  fractured. 

Rieke  and  Endell  •■  have  investigated  extensively  the  constitu- 
tion of  silica  brick  and  the  volume  changes  attendant  on  the 
burning.  They  also  examined  the  rate  and  products  of  dcA^tri- 
fication  of  quartz  glass.  They  noted  that  after  the  first  bum 
cristobalite  comprised  about  two-thirds,  while  after  10  burns  the 
groundmass  was  converted  in  a  large  degree  to  tridjTnite.  After 
50  bums  the  brick  was  composed  almost  entirely  of  tridymite. 
They  therefore  concluded  that  the  first  transformation  of  the 
quartz  was  to  cristobalite,  and  that  after  repeated  burnings  the 
latter  inverted  to  trid3anite.  The  melting  point  of  cristobalite, 
as  determined  by  them  in  an  iridium  resistance  furnace,  was 
placed  at  1685  ±10°  C.  These  authors  found  that  cristobalite 
was  the  devitrification  product  of  quartz  glass.  Their  table  repre- 
senting the  amount  of  devitrification  compared  with  tempera- 
tures and  time  of  heating  is  as  follows : 

*>  Schulze  and  Stelzner,  Neues  Jahrbuch  fiir  Mineralogie,  Geologic  und  Palentologie,  1.  p.  14^:  iSSi. 
*  Endell  und  Rieke.  tjber  die  Umwandlungen  des  Kieselsiiureanhydrids  bei  hdheren  Temperaturen, 
Zeitschrift  fur  Anorganische  Chemie.,  79,  pp.  2i9-z^g:  1913. 
Endell  und  Rieke,  Silikat  Zeitschrift,  1,  p.  6:  1913. 

Endell,  ijber  die  Eonstitution  der  Dinassteine,  Stahl  und  Eisen,  32,  pt.  i,  pp.  393-397. 
Eodell,  u'berSilika  Qaarzite,  Stahl  und  E'sen.  33,  pt.  2,  pp.  1770-1775,  1855:  1913. 
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In  this  country  the  Geophysical  Laboratory  has  taken  up  the 
question  of  the  various  forms  of  silica  and  their  stability  relations. 
Their  work  on  silica  culininated  in  a  publication  by  Fenner '  on 
the  stability  relations  of  the  silica  minerals.  From  a  scientific 
standpoint  this  is  the  most  comprehensive  work  yet  published  on 
this  subject.  It  has  a  direct  bearing  on  the  question  of  the  con- 
stitution of  silica  brick.  Disregarding  chalcedony,  Fenner  found 
seven  distinct  modifications  of  silica:  a  and  (3,  quartz ;  a,  0^,  and  /3;, 
tridymite ;  a  and  /3,  cristobaHte.  Fenner  distinguished  two  tj-pes 
of  silica  inversion,  both  enantiotropic.  "One  is  distinguished  by 
a  small  energy  change,  small  change  of  optical  and  cr\-stallo- 
graphic  properties,  and  readiness  of  reaction;  the  other  by  a  much 
greater  change  of  optical  and  crj-stallographic  properties,  by 
sluggishness  of  reaction,  and  by  energy  changes,  probably  of  con- 
siderable amount.  The  evidence  which  has  been  presented  sug- 
gests an  explanation  of  the  differences.  It  points  to  the  conclusion 
that  in  inversions  of  the  first  type  the  process  is  simply  a  small 
rearrangement  of  the  molecules  within  the  crystal  structure;  in 
those  of  the  second  type  the  change  is  much  more  radical  and 
involves  the  destruction  of  one  sort  of  molecular  species  and  the 
formation  of  another. ' '  The  inversion  of  quartz  to  trid}Tnite  and 
of  tridymite  to  cristobalite  was  found  to  be  greatly  hastened  by 
the  addition  of  a  flux.  Sodium  tungstate  proved  to  be  the  most 
satisfactory  flux.  The  inversion  temperatures  at  atmospheric 
pressure  were : 

870±io°  quartz;='tridymite 
i470±io°  tridymite  ^cristobalite 
The  process  of  transformation  of  one  form  of  silica  into  another  in 
many  cases  followed  Ostwald's  Law  of  Successive  Reactions: 
"  In  all  reactions  the  most  stable  state  is  not  straightway  reached, 
but  the  next  less  stable,  or  that  state  which  is  the  least  stable  of 
all  possible  states."  For  example,  Fenner  found  that,  by  heating 
amorphous  silica  at  1300  or  1400°,  cristobalite  alone  was  obtained, 


'  Fenner:  .\inerican  Journal  of  Science,  ser. 


6.  pp.  33r-384:  1913- 
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although  tridymite  is  the  stable  modification  for  those  tempera- 
tures. Similarly  ground  quartz  heated  without  a  flux  at  high 
temperatures,  but  below  1470°  changed  to  cristobalite,  and  not  to 
tridymite.  For  the  specific  gravities  of  tridymite  and  cristobalite 
the  following  values  were  obtained:  Tridymite  at  27°  referred  to 
water  at  27°  specific  gravity  =  2.270;  cristobalite  under  the  same 
conditions,  specific  gravity  =  2.333.  New  determinations  of  the 
a  to  /3  inversions  of  the  several  species  gave  the  following  values: 

a  quartz         -^  j3  quartz,  575°  C 

P  quartz         -»  a  quartz,  570°  C 

a  tridymite     -^  |8i  tridymite  1 1 7°  C 

/3,  tridymite  -^  p,  tridymite,  163°  C 

Reversions  on  cooling  not  very  sharp. 

a  cristobalite —* /3  cristobalite,  274.6  to  219.7°,  depending    upon 
previous  heat  treatment. 

/3  cristobalite ->  a  cristobalite    240.5  to   198.1°    depending  upon 

previous  heat  treatment. 

The  melting  point  of  cristobalite  was  found  to  be  close  to  1625°, 

a  value  decidedly  below  that  given  by  Endell  and  Rieke.     More 

recent  investigations  indicate  a  considerably  higher  melting  point 

of  i7io±  10°  for  cristobalite  and  i670±  10°  for  tridymite.* 

Klein  has  contributed  petrographic  observations  in  a  publication 
by  Seaver  '  deaUng  with  the  manufacture  and  tests  of  siHca  brick 
and  the  physical  changes  involved  in  their  initial  burning  and 
reburning  at  high  temperatures.  The  temperature  of  burning 
and  reburning  (about  1540°  C)  was  higher  than  the  tridymite- 
cristobalite  inversion  point,  and  it  was,  therefore,  not  surprising 
that  cristobalite  was  the  only  inversion  product  noted.  The 
petrographical  results  may  be  tabulated  as  follows: 

TABLE   2 


CristobalUe         Q-^-f 

77. 35            1           22. 65 

Second  bum 

82.37                      17  13 

Third  bum 

83  98            1           16  02 

»■ 

Day,  Sosman,  and  Hostetter '°  plotted  a  curve  for  the  change  in 
volume  of  i  kilogram  in  cubic  centimeters  against  the  burning 

8  Ferguson  and  Merwia,  Am.  Jour.  Sci.;  August.  igi8. 

•Seaver,  Manufacture  and  Tests  of  Silica  Brick  for  the  By-Product  Coke  Oven,  Transactions  of  the 
Amer.  Inst,  of  Min.  Eng.,  53,  p.  125;  iqi6. 

"Day,  Sosman,  and  Hostetter.  Determination  of  Mineral  and  Rock  Densities  at  High  Temperatures. 
Amer.  Jour,  of  Sci.,  ser.  4,  37,  pp.  1-39;  1914. 
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temperature.  Their  curve  shows  particularly  the  break  due  to 
the  inversion  of  «  to  /3  quartz  and  the  great  increase  in  volume 
starting  about  1250°  C  due  to  the  formation  of  cristobalite. 

H.  Le  Chatelier,  studying  silica  expansion,"  determined  the 
curves  representing  dilatation  in  100  mm  against  heating  tempera- 
ture up  to  1000°  C  for  quartz,  tridymite,  cristobaUte,  and  silica 
glass.  The  breaks  in  the  cur\'es  correspond  very  faithfully  to  the 
inversion  points  determined  by  other  methods. 

McDowell  '^  made  a  number  of  microscopic  analyses,  together 
with  crushing,  cross-breaking,  density,  porosity,  and  spalling 
tests  on  silica  brick.  He  also  collected  data  on  specific  gravities 
and  permanent  expansion  of  bricks  of  various  bums.  He  con- 
cludes that  the  larger  part  of  the  quartz  is  transformed  into 
cristobalite  at  the  first  bum  and  that  the  remaining  quartz  is  very 
slowly  transformed  on  repeated  burning;  that  "the  cristobalite 
at  first  slowly,  and  later  more  rapidly,  inverts  to  tridymite." 
Although  he  finds  that  tridymite  forms  nearly  as  rapidly  in  the 
brick  of  coarse  or  regular  grind  as  it  does  in  the  brick  of  finer  grind, 
nevertheless  the  tridymite  always  seems  to  form  first  in  the  fi'ner- 
grained  groundmass.  He  explains  this  by  the  relatively  higher 
concentration  of  lime  in  the  groundmass.  All  the  2  per  cent  of 
lime  added  diiring  the  mixing  must  necessarily  be  found  in  the 
groundmass,  since  it  can  not  penetrate  the  more  or  less  solid 
phenocrysts. 

III.  PRESENT   INVESTIGATION 

From  a  review  of  the  literature  on  this  subject  one  is  impressed 
with  the  close  relation  between  the  constitution  of  silica  brick 
and  its  desirability  as  a  refractory  material.  It  is  easy  to  conceive 
of  a  brick  being  bmned  and  acquiring  considerable  strength 
without  much  inversion  of  the  original  quartz.  Such  a  brick 
might  apparently  be  of  the  highest  quality,  although,  as  previous 
work  has  shown  and  as  this  report  will  show,  it  is  liable  to  exces- 
sive expansion,  which  might  lead  to  disastrous  effects  in  metal- 
lurgical construction.  Other  investigators  have  also  shown  that 
the  microstructure  and  the  mineral  composition  of  a  brick  affect 
to  a  certain  extent  its  crushing  strength,  cross-breaking  strengtli, 
and  spalling  tendency.  For  these  reasons  it  was  decided  to  make 
a  microscopic  petrographic  study  of  American  silica  brick  to 
determine,  first,  the  original  constitution;  and,  second,  the  com- 

^J  Le  Chatelier,  La  Silice  et  les  Silicates,  pp.  125,  226. 

"McDoweU,  A  Study  of  the  Silica  Refractories,  Bull.  1:9.  Amer.  Inst,  of  Min.  Eng.;  November,  1916. 
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ponent  or  components  of  silica  brick,  stable  under  conditions  of 
repeated  burning,  such  as  it  would  undergo  in  the  industries. 

To  this  end  letters  were  sent  to  various  manufacturers  request- 
ing data  on  the  raw  material  and  the  burning  conditions  for  their 
silica  brick,  as  well  as  samples  of  silica  raw  material,  of  green 
brick,  of  regular  burned  brick,  and  of  brick  used  in  kilns,  ovens, 
etc. ,  where  they  would  receive  repeated  burnings  at  high  tempera- 
tures. A  willingness  to  cooperate  was  manifested  in  practically 
every  case. 

IV.     METHODS  OF  INVESTIGATION 

Inasmuch  as  the  problem  was  one  involving  the  determination 
of  the  constitutents  in  as  nearly  a  cjuantitative  manner  as  possible, 
and  inasmuch  as  the  microstructure  was  also  thought  to  be  im- 
portant, the  petrographic  work  involved  the  study  of  immersed 
grains  and  thin  sections.  For  the  quantitative  determination  of 
the  relative  amounts  of  different  minerals  present  the  brick  was 
ground  in  an  agate  mortar  to  pass  through  a  200-mesh  screen. 
The  three  principal  minerals  in  silica  brick,  quartz,  tridymite,  and 
cristobalite,  can  be  most  easih'  distinguished  by  their  different 
indices  of  refraction.  By  immersing  the  powdered  brick  grains 
in  a  liquid  of  known  index  of  refraction  the  minerals  having  indices 
higher  than  the  index  of  the  liquid  could  easily  be  distinguished 
from  those  having  indices  lower  than  the  index  of  the  liquid. 

The  method  used  in  the  determination  of  the  amounts  of  the 
several  constituents  was  very  similar  to  that  used  by  Klein  "  in 
determining  the  quartz  content  of  porcelains  and  feldspars.  The 
microscope  was  attached  to  a  camera  of  the  type  usually  used  for 
photomicrograpliic  work.  A  plane-glass  plate  to  which  tracing 
paper  was  fastened  was  used  instead  of  the  regular  ground  glass 
plate.  The  lens  system  and  the  camera  length  used  gave  a  magni- 
fication of  about  400  diameters.  The  image  of  the  field  was 
obtained  on  the  paper  and  the  grains  traced.  The  grains  on  the 
tracing  paper  were  cut  out.  Those  which  represented  grains 
having  an  index  of  refraction  higher  than  that  of  the  liquid  were 
weighted  separately  from  those  which  represented  grains  with  an 
index  of  refraction  lower  than  that  of  the  liquid,  and  the  relative 
percentages  of  the  two  were  calculated.  While  quartz  has  an 
average  index  of  refraction  quite  different  from  the  average 
indices  of  cristobalite  and  tridymite,  the  last  two  have  average 
refractive  indices  which  differ  from  each  other  by  only  0.014.     It 

'•Klein.  The  Constitution  and  Microstructure  of  Porcelaia.  Transactions  of  the  American  Ceramic 
Society,  18.  p.  899- 
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would  be  very  difficult  to  use  a  liquid  with  an  index  of  refraction 
differing  from  those  of  tridymite  and  cristobalite  by  0.007,  owing 
to  the  faintness  of  the  Becke  line  and  the  Schroeder  van  der  Kolk 
phenomenon.  Furthermore,  the  dispersion  effect  would  necessi- 
tate the  use  of  monochromatic  light.  Where  a  large  number  of 
determinations  had  to  be  made,  as  in  this  case,  it  was  necessary  to 
devise  a  more  satisfactorj^  method.  The  following  method  was 
therefore  worked  out :  The  powdered  brick  grains  were  immersed 
in  a  liquid  with  an  index  of  refraction  of  1.5 1.  Here  tlie  percent- 
age of  quartz  was  determined  and  the  combined  percentage  of 
cristobalite  and  tridymite.  Then  the  grains  were  immersed  in  a 
liquid  with  an  index  of  refraction  equal  to  the  mean  index  of 
either  tridymite  or  cristobalite,  depending  on  whether  tridymite 
was  present  in  excess  of  cristobalite  or  vice  versa.  If  ti'idymite 
were  in  excess,  the  liquid  employed  would  be  one  with  the  mean 
refractive  index  of  tridymite,  causing  tridymite  to  disappear  in 
the  field.  The  distinction  would  then  be  made  between  cristo- 
balite with  a  mean  index  slightly  higher  than  tliat  of  the  liquid 
and  quartz,  with  a  mean  index  considerably  higher  than  that  of 
the  liquid.  If  the  reverse  were  the  case  and  a  liquid  with  an 
index  of  1.485  were  used,  then  the  cristobalite  would  disappear, 
and  the  distinction  would  be  made  between  the  tridymite  with  a 
slightly  lower  mean  index  and  the  quartz  with  a  considerably 
higher  mean  index. 

For  instance,  suppose  that  the  value  obtained  for  quartz  was 
30  per  cent  and  for  cristobalite  and  tridymite  70  per  cent.  If  an 
examination  of  the  material  proved  that  the  cristobalite  was  in 
excess  of  the  tridymite,  then  the  material  would  be  immersed  in  a 
liquid  of  index  1.485  to  remove  the  cristobalite.  Suppose  the 
quartz  and  tridymite  determinations  gave  values  of  60  per  cent 
and  40  per  cent,  respectively.  Then  the  actual  amoimt  of  tridy- 
mite would  be  determined  by  the  proportion  60  :  40  =  30  per  cent 
(the  actual  amount  of  quartz  present) :  X  and  X  =  20  per  cent. 
The  values  therefore  would  be  as  follows:  Thirty  per  cent  quartz,  20 
per  cent  tridymite,  and  50  per  cent  cristobalite.  In  the  determina- 
tions five  analyses  were  made  and  the  average  taken  to  determine 
the  amount  of  quartz  present  and  five  other  analyses  to  determine 
the  amount  of  tridymite  or  cristobalite.  Errors  may  be  present 
due  to  poor  sampling,  slight  change  in  index  of  refraction  of  the 
liquid  through  change  in  temperatiure,  and  inaccuracy  in  cutting 
out  and  weighing  the  tracing  paper.  An  error  of  5  per  cent  is 
considered  possible.     As  the  glass  and  tlie  calcium  metasilicate 
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present  in  the  brick  have  higher  indices  than  quartz,  they  are  not 
distinguished  from  quartz  in  the  analyses  and  are  inchided  with  it 
under  the  heading  quartz  and  siHcates.  The  sihcates  are,  however, 
only  present  in  small  amounts. 

There  are  only  four  minerals  that  can  ordinarily  be  identified 
in  the  microscopic  examination  of  silica  brick:  Quartz,  tridymite, 
cristobalite,  and  pseudowoUastonite,  the  a  modification  of 
calcium  metasilicate,  CaO.SiO,. 

The  optical  properties  of  quartz  are  well  known."  Quartz 
has  fairly  low  indices  of  refraction  (0  =  1.544,  6  =  1.553  for  j^ellow 
light.  Its  double  refraction  is  low,  about  0.009,  giving  a  gray  to 
yellow  interference  color  of  the  first  order,  with  crossed  nicols  for 
sections  of  the  usual  thickness  (0.02  to  0.04  mm).  The  optical 
character  is  positive  and  the  interference  figure  uniaxial.  The 
crystal  system  is  hexagonal.  There  are  two  forms  of  quartz: 
a  quartz  which  is  stable  below  575°  C,  and  ^  quartz  which  is 
stable  above  575°  C.  With  a  change  in  temperature  beyond  the 
inversion  point  the  change  from  one  form  to  tlie  other  takes  place 
readily. 

Tridymite  shows  three  modifications:  a  tridymite  stable 
below  117°  C;  /3i  tridymite,  stable  between  117  and  163°;  and 
jS,  tridymite,  stable  above  163°  C.  a  tridynyte  is  probably 
orthorhombic,  while  the  0  forms  are  hexagonal.  The  ortho- 
rhombic  form  is  the  one  always  seen 
under  the  microscope.  The  indices  of 
refraction  are  lov\-;  a  and  (3  are  almost 
the  same,  about  i  .469,  while  y  is  about 
1.473.  The  double  refraction  is  very 
low,  about  0.004,  giving  a  faint  gray 
interference  color  with  crossed  nicols 
in  the  ordinary  thin  sections.  Optical 
character  positive;  extinction  parallel; 
optic  axial  angle  fairly  large.  Twinning 
is  very  common,  the  most  usual  forms 
seen  in  silica  brick  being  the  wedge-shaped  twins.  Sections  of 
interpenetration  twins  are  also  common.  The  hexagonal  plates 
and  laths  noted  by  Fenner  are  much  rarer  than  the  twinned  forms 
in  silica  brick. 

Cristobalite  shows  two  modifications:  a  cristobalite  inverts 
to  /3  cristobalite  at  275  to  220°  C,  while  the  inversion  from  ,3  to  a 
cristobalite  takes  place  at  from  240  to  198°  C.     The  variations 


t>iafram  ofiaedge-jhaped  fwtn 


"  For  a  discussion  of  the  optica!  properties  of  the  silica  minerals  see  Fenner.  The  Stability  Relations  of 
the  Silica  Minerals,  Amer.  Jour,  of  Sci.,  ser.  4,  86,  pp.  331-383. 
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in  the  inversion  points  depend  upon  the  previous  heat  treatment 
of  the  mineral.'^  /3  cristobalite  is  isotropic  while  a  cristobalite, 
the  form  stable  at  ordinary'  temperature,  is  probably  tetragonal. 
The  cr\-stals  in  silica  brick  are  so  small  that  the  crystal  faces  are 
indistinct  and  the  individuals  usually  appear  as  short  needles. 
The  mean  index  of  refraction  is  about  1.485.  While  the  double 
refraction  is  probably  but  slightly  lower  than  that  of  tridymite,  the 
individual  crj^stals  are  so  small  that  the  double  refraction  is  not 
apparent  and  the  mineral  appears  to  be  isotropic.  Usually  the 
double  refraction  can  only  be  seen  with  the  aid  of  the  sensitive 
tint  plate. 

PseudowoUastonite '°  is  the  a  form  of  calcium  metasilicate 
(CaO.SiOj).  It  crystaUizes  at  temperatures  above  1190°  C, 
while  wollastonite,  the  /3  form,  crystallizes  at  temperatures  below 
1190°  C.  The  a  form  rarely  inverts  to  the  ^  form  on  cooling. 
PseudowoUastonite  occurs  in  silica  brick  in  small  amounts  and  in 
ver\^  minute  irregular  grains.  Because  of  the  minuteness  of  the 
grains,  the  optical  properties  are  hard  to  distinguish.  The  mean 
index  of  refraction  lies  between  1.62  and  1.65;  double  refraction 
high;  optical  axial  angle  variable,  but  usually  rather  small; 
optically  positive. 

In  a  large  number  of  silica-brick  samples,  particularly  those 
ha\-ing  more  than  one  burn,  the  presence  of  a  glass  was  noted. 
The  glass  seems  to  be  variable  in  composition,  and  is  probably 
caused  by  the  fluxing  action  of  the  lime  added  in  the  making  of 
the  brick,  together  with  the  iron  oxides  and  the  other  impurities 
present  in  the  original  quartzites.  In  some  bricks  the  color  of 
the  glass  is  a  deep  yellow,  wliile  in  others  it  is  practically  colorless. 
Its  index  of  refraction  probably  varies  considerably  in  different 
bricks,  but  it  is  much  higher  than  that  of  quartz.  The  glass 
usually  occurs  surrounding  or  between  the  tridjinite  crystals. 

V.  ANALYSES   AND   EXAMINATION 

In  presenting  the  discussion  of  the  various  bricks  it  was  thought 
that  a  geographical  di\-ision  was  the  most  rational  one  to  make 
for  a  basis  of  comparison,  since,  as  in  the  case  of  Pennsylvania, 
most  of  the  manufacturers  from  the  same  region  were  using  stone 
of  the  same  geological  formation  as  a  source  of  the  raw  material. 

'5  Feuner,  American  Journal  of  Science,  ser.  4.  36,  pp.  331-383. 

'*  .^Ilen,  WTiite,  and  Wright,  Wollastonite  and  PseudowoUastonite,  Polymorphic  Forms  of  Calcium 
Metasilicate,  American  Journal  of  Science,  ser.  4,  21,  pp.  89-io3;  i)o6. 
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I'iG.   I. — Phcnocrysts  in  the  rajular  one-burn  brick  of  manufacturer 
(a)  in  ordinary  light 

The  dark  lines  represent  cracks  formed  by  the  shattering  of  the  quartz  grains. 
Magnification^  i6o  diameters 


Fl°-  2- — Same  as  Fig.  i,  but  taken  with  plane  polarized  light  atid 
crossed  nicols 

The  doubly  refractinq  areas  are  mainly  quartz.  Some  small  tridymite  crystals 
appear  m  the  groimdmass.  The  isotropic  areas  are  cristobahte.  Magnification- 
i6o  diameters 
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Magnificat  ion  =  260  diameters 


Fig.   4. — Sa^nc  as  Fig.   j,   but  taken  with  plane  polarized  liqht  and 
crossed  nicols 

The  doubly  refractini?  areas  are  mainly  small  tridymite  crystals;  the  dark  areas  are 
cristobalite  and  glass.    Magnification=  260  diameters 
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1.  PENNSYLVANIA  BRICK 

MANUFACTURER  (a) 

(i)  Quarizite. — Megascopically  the  Medina  quartzite  used  by 
this  company  is  a  typical  gray  quartzite  often  showing  limonitic 
discoloration.  The  chemical  analj-sis  is  given  in  Table  3.  The 
quartzite  is  hard,  compact,  and  homogeneous.  The  individual 
sand  grains  are  invisible  without  the  use  of  a  lens.  The  rock  is 
traversed  by  sericitic  and  limonitic  veins.  Microscopically  the 
siliceous  cementing  material  of  the  rock  is  found  to  be  entirely 
crystallized  and  to  conform  crystallograpliically  and  optically  to 
the  orientation  of  the  original  sand  grains,  so  that  in  most  cases 
it  is  difficult  to  distinguish  primary  from  secondary  quartz.  The 
crj'stals  are  anhedral  to  subhedral,  sometimes  showing  a  rough 
hexagonal  outline.  No  distinct  porphyritic-like  structure  is 
visible.  The  largest  crystal  observed  is  0.85  mm  across  (Fig.  9). 
Only  very  small  amounts  of  accessory  minerals,  such  as  limonite, 
sericite,  kaolin,  or  biotite,  are  present. 

(2)  Regular  Brick,  One  Burn. — The  exact  data  as  to  the  pro- 
cedure employed  in  burning  this  brick  are  not  known,  but  the 
maximum  temperature  reached  in  burning  was  about  1400°  C 
The  brick  is  composed  of  dull  white  areas,  which  might  be  called 
phenocrysts  and  which  are  the  remains  of  the  large  fragments 
of  the  original  ground  quartzite,  and  a  yellowish,  granular  ground- 
mass  which  shows  a  slight  vitreous  luster.  In  spots  where  there  is 
a  segregation  of  ferruginous  material  the  iron  has  fluxed,  forming 
deeply  colored  spots  varying  from  red  to  black.  The  chemical 
analysis  is  given  in  Table  4.  Microscopically  the  phenocrysts 
usually  consist  of  shattered  quartz  grains,  all  the  fragments  of 
which  extinguish  in  the  same  position.  The  phenocrysts  are 
surrounded  by  rims  of  cristobalite  (Figs,  i  and  2),  and  the  inter- 
stices of  the  broken  grains  are  filled  with  this  mineral.  No  tridy- 
mite  is  found  in  the  phenocrysts.  Most  of  the  groundmass  con- 
sists of  cristobalite,  with  large  amounts  of  tridymite  (Figs.  3  and  4). 
The  tridj^mite  crystals  are  very  small,  the  high  index  glass  usually 
being  found  in  connection  with  them.  Pseudowollastonite  is  also 
present  in  the  groundmass  in  small  quantities.  The  mineralogical 
composition  of  this  brick  is  given  in  Table  5. 

(3)  Brick,  Reburned  Six  Times. — This  brick  had  six  burns  each 
time  under  approximately  the  same  conditions  as  brick  (2)  of  this 
company.  This  brick  is  denser  and  more  evenly  colored  than  the 
regular  brick.     The  luster  is  decidedly  more  vitreous,  particularly 
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in  the  phenocn-sts  which  lack  the  dull,  fractured  appearance  of 
the  regular  brick.  The  brick  consists  in  large  part  of  tridvmite, 
although  tridjnnite  is  not  present  in  most  of  the  phenocrysts. 
Usually  the  quartz  of  the  phenocr\^sts  has  been  transformed 
entirety  to  cristobaHte.  Occasionally  corroded  quartz  remnants 
are  seen  in  phenocrj-sts.  The  groundmass  consists  almost  wholly 
of  tridj'^mite,  with  small  quantities  of  glass.  Verj'  little,  if  any, 
pseudowoUastonite  is  present.  The  mineralogical  composition  is 
given  in  Table  5. 

(4)  Brick  Used  in  a  Magnesite  Kiln  and  Reburned  10  or  More 
Times. — Information  as  to  the  burning  conditions  of  this  brick 
was  not  available.  The  brick  possesses  a  deeper-yellow  color 
than  the  regular  and  six-burn  bricks  and  appears  to  be  more 
vitreous.  The  phenocrysts,  while  still  Ughter  colored  than  the 
groundmass,  tend  toward  a  faint  yello\\nsh  color.  The  luster  is 
\-itreous  and  lacks  the  dull,  sugan.-,  fractured  appearance  noted 
in  the  regular  brick.  The  brick  is  composed  almost  wholly  of 
tridymite,  ver}'  little  quartz  or  cristobaHte  being  present.  A 
rather  large  amount  of  glass,  however,  is  seen.  The  phenocrysts 
are  formed  of  small  tridymite  cr\-stals  (Figs.  5  and  6),  whereas 
the  tridymite  crystals  of  the  groundmass  are  large  and  well 
formed,  much  larger  than  those  of  bricks  (2)  and  (3).  In  this 
brick  the  tridymites  are  usually  well-developed,  wedge-shaped 
twins,  the  largest  indi\'idual  being  about  0.2  mm  long  (Figs.  7 
and  8).     The  mineralogical  composition  is  given  in  Table  5. 

(5)  Brick  Used  in  Croun  of  Clay  Kiln. — Concerning  the  brick 
the  company  writes:  "The  sample  from  the  crown  of  a  clay  kiln 
has  been  in  ser\dce  for  a  number  of  years  and  has  had  many 
burnings  at  different  temperatures,  depending  upon  the  grade  of 
material  burned  in  the  kiln.  At  times  this  specimen  may  have 
been  subjected  to  temperatures  corresponding  to  cone  15  (about 
1435°  C),  while  at  other  times  it  may  have  been  burned  at  a  tem- 
perature of  less  than  cone  10  (1300°  C)."  Both  megascopically 
and  microscopically  the  brick  had  practicall}^  the  same  appearance 
as  the  magnesite  kiln  brick.  The  mineralogical  composition  is 
given  in  Table  s- 

MANtTFACTURER  (b) 

(i)  Quartzite. — According  to  the  company's  communication, 
this  sample  was  taken  from  Blair  County,  Pa.  It  is,  no  doubt, 
of  Medina  age.  It  resembles  ven,-  closely  the  quartzite  used  by 
manufacttu'er  (a),  except  that  it  is  possibly  a  little  more  equi- 
granular. 
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Fig.  5. — Phenocryst  of  brick  {4)  of  manufachirer  (a)  as  taken  in 
ordinary  light,  showing  the  large  number  of  small  iridymiie  crystals 
composing  it 

AIaguification=  160  diameters 


Fig.  6. — Sayne  as  Fig.  5,  but  taken  with  plane  polarized  light  and 
crossed  nicols 

On  the  left-hand  margin  and  in  the  lower  right-hand  comer  are  seen  large  wedge- 
shaped  twins  and  laths  of  tridymile  fonned  in  the  groundmass  of  the  brick. 
Magnification=  160  diameters 
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Fig.   7. — Groundmass  of  brick  {4)  of  manufacturer  (a),  shoiving  in 
ordinary  light  large  tridymite  crystals 

Magiiification=  160  diameters 


Fig.  8. — Same  as  Fig.  7,  but  taken  Ttith  plane  polarized  light  and 
crossed  nicols 

Xote  the  wedge-shaped  twins  and  lath  development  and  compare  with  Fiys.  5  and  6, 
which  are  the  same  magniiication  (160  diameters) 
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(2)  Regular  Brick,  One  Burn. — Concerning  this  brick  the  com- 
pany writes:  "The  temperature  at  which  these  bricks  were 
burned  will  approximate  3000°  F  (1649°  C),  and  they  are  held 
at  this  temperature  for  48  hours;  the  total  duration  of  bum  was 
nine  days."  The  brick  appears  tough  and  nonfriable.  The 
exterior  is  colored  light  yellow  with  reddish-brown  to  black 
slag  spots.  The  fracture  surfaces  are  irregular.  The  chemical 
analysis  is  given  in  Table  4.  The  phenocrysts  are  composed  of 
shattered  quartz  grains,  with  cristobalite  filling  the  cracks  and 
forming  rims  around  the  quartz  grains.  The  groundmass  is 
composed,  principally,  of  cristobalite,  with  moderate  amounts 
of  tridymite.  The  tridymite  crystals  are  small  but  well  formed. 
In  isolated  instances  pseudowoUastonite  forms  the  rim  around 
the  shattered  quartz  grain  instead  of  cristobalite.  Very  little 
glass  appears  to  be  present  in  the  brick.  Small  amounts  of 
pseudowoUastonite  are  present  in  the  thin  section  in  isolated 
patches.  The  brick  appears  very  similar  to  brick  (2)  of  manu- 
facttirer  (o).     The  mineralogical  composition  is  given  in  Table  5. 

(3)  Rehurned  Brick. — The  company  remarks  concerning  the 
biiming  of  this  brick:  "It  has  been  subjected  to  repeated  bum-, 
ings,  the  number  of  times  we  are  unable  to  determine;  but  we 
can  safely  say  that  the  place  this  brick  was  taken  from  is  the 
flash  wall  in  our  kiln  and  these  w^lls  stand  six  to  eight  bums  before 
they  are  torn  down."  The  maximum  temperature  reached  in 
burning  was  presurfiably  the  same  as  in  the  burning  of  the  regular 
brick  of  this  company.  The  brick  appears  denser  than  the  regular* 
brick,  deeper  yellow  in  color  and  the  grotmdmass  is  more  vitreous. 
Only  a  few  remnants  of  the  original  quartz  grains  remain  in 
the  phenocrysts.  In  most  cases  the  quartz  of  the  phenocrysts 
has  been  transformed  entirely  to  cristobalite.  The  groundmass 
is  composed,  principally,  of  well-developed  tridymite  crj^stals, 
with  smaller  amounts  of  cristobalite  (Fig.  10).  Glass  and  pseudo- 
woUastonite are  also  found  in  small  amounts  in  the  groundm_ass. 
The  tridymite  crystals  are  considerably  larger  than  those  found 
in  the  regular  brick  of  this  company.  The  largest  tridymite 
noted  is  aboxit  0.15  mm  long.  The  mineralogical  composition 
of  this  brick  is  given  in  Table  5 . 

MANUPACTDBER  (c) 

(i)  The  ganister  rock  submitted  is  grayish  colored  and  possesses 
the  granular  sugary  appearance  of  a  siliceous  sandstone.  At 
the  same  time  it  is  hard,   tough,   and  nonfriable.     Under  the 
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microscope  anhedral,  rounded  quartz  grains  can  be  observ^ed 
cemented  together  by  a  siliceous  material  most  of  which  has 
crystallized  in  smaller  grains.  A  small  amount  is  still  isotropic. 
Some  sericite  and  limonite  are  present  between  the  quartz  grains 
(Fig.  ii).  The  source  of  this  rock  is  the  Homewood  sandstone 
of  the  Potts\'ille  formation  (Upper  Carboniferous) .  The  chemical 
analysis  is  given  in  Table  3. 

(2)  Regular  Brick,  One  Burn. — According  to  information 
received,  the  regular  brick  was  bmned  at  a  temperature  corres- 
ponding to  Seger  cone  16  (about  1460°  C).  The  burning  period 
was  about  9  days  and  the  maximum  temperatm^e  held  from  24 
to  36  hours.  The  chemical  analysis  is  given  in  Table  4.  Mega- 
scopically  the  brick  is  almost  white,  with  a  dull  luster,  and  con- 
tains a  few  spots  with  a  yellow  color  where  some  fluxing  has  taken 
place.  The  brick  is  composed,  principally,  of  quartz.  The 
phenocrv'sts  show  large,  usually  unshattered  quartz  grains  sur- 
rounded by  rims  of  cristobalite.  The  groundmass  is  composed, 
principally,  of  shattered  quartz  grains  and  cristobalite  (Fig.  12). 
There  is  no  tridymite  present.  Small  amounts  of  pseudo- 
.  wollastonite  are  noted  with  little  or  no  glass.  The  mineralogical 
composition  is  given  in  Table  5. 

MAITOFACTtHtER  (d) 

(i)  Ouarizite.— This  company  uses  a  grayish,  vitreous  quartzite 
mined  at  the  southern  end  of  Blair  County,  Pa.  It  is  probably 
the  Medina  quartzite,  since  this  is  used  by  other  companies  oper- 
ating in  this  region.     It  has  been  previously  described. 

(2)  Regular  Brick,  One  Burn. — From  information  obtained  the 
practice  of  this  company  is  a  maximum  burning  temperature  of 
2800°  F  (1538°  C)  maintained  for  24  hours,  the  total  duration  of 
a  bum  bemg  six  and  one-half  24-hottr  days.  By  visual  examina- 
tion the  brick  consists  of  dull  white  phenocrysts  and  a  granular, 
more  or  less  vitreous,  yellowish  groundmass.  The  groundmass 
is  sometimes  black  where  slag  spots  appear.  The  predominant 
constituents  of  this  brick  are  quartz  and  cristobalite.  The 
phenocrysts  are  composed  of  more  or  less  shattered  quartz  grains, 
with  cristobalite  filling  the  interstices  and  cracks  and  forming 
rims  around  the  quartz  grains  and  phenocrysts.  The  groundmass 
is  made  up  principally  of  cristobalite,  with  small  amounts  of 
tridymite  (Fig.  15).  The  tridymite  crystals  are  very  small. 
A  very  small  amount  of  glass  surrounds  some  of  the  tridymite 
crystals.     Very  little  pseudowollastonite  is  present.     The  chemical 
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Fig.  9. — Ouartzile  used  by  manufacturer  (a)  taken  uitk  plane  polarized 
light  and  crossed  nicols 

Magnification=4o  diameters 
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F:g.  10. — Groundmass  of  brick  (j)  of  manufacturer  (b)  as  taken  with 
plane  polarized  light  and  crossed  nicols  and  showing  tridpnite  and 
cristobalite 

Magtliticatioii=  160  diameters 


Bureau  of  Standards  Technologic  Paper  No.  124 


Fig.    II. — Quartzite  iised  by  manufacturer  (c),  as   taken  with  plane 
polarized  light  and  crossed  nicols 

Magiii6catioa=:  60  diameters 


.\" 


Fig.    i;. — Regular   brick   of  vianufacturer   (c),  showing  tinshattered 
quartz  plienocrysts  and  cristobalitc  rims  in  ordinary  light 

Magllification=  160  diameters 
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analysis  of  the  brick  is  given  in  Table  4,  and  the  mineralogical 
composition  in  Table  5. 

MANUFACTUHER  (e) 

(i)  Quarizite. — No  data  are  available  concerning  the  geological 
formation  from  which  the  ganister  used  by  this  company  is 
quarried,  but  the  location  of  the  quarries  indicates  that  it  is 
probably  the  Jledina  quartzite.  The  material  submitted  consists 
of  a  hard,  dense,  vitreous  quartzite  showing  limonitic  discoloration 
on  weathered  surfaces.  The  chemical  analysis  is  given  in  Table 
3.     Microscopically  it  is  identical  with  known  Medina  quartzite. 

The  quartz  cr>'stals  are  anhedral  to  subhedral  and  the  original 
siliceous  bond  has  entirely  crystallized.  A  small  amount  of 
sericite  is  observed  in  veinlets  running  through  the  specimen. 

(2)  Regular  Brick,  one  Burn. — This  brick  is  apparently  well 
burned  and  appears  hard  and  tough.  The  phenocrysts  are  white 
and  sugary,  while  the  groundmass  is  yellow  in  color,  granular,  and 
vitreous.  Dark-colored  slag  spots  are  present.  The  chemical 
analysis  is  given  in  Table  4.  The  predominant  constituents  of 
the  brick  are  tridymite  and  cristobalite.  Remnants  of  shattered 
quartz  crystals  are  sometimes  seen  in  the  phenocrysts,  but  the 
phenocrysts  are  usually  composed  entirely  of  cristobalite  (Figs. 
13  and  14).  Besides  cristobalite,  tridymite  is  the  chief  constitu- 
ent of  the  groundmass.  Wedge-shaped  twins  of  tridymite  fairly 
large  and  often  well  developed  are  common.  There  are  certain 
areas  in  which  the  tridymite  crystals  are  much  smaller,  probably 
due  to  the  absence  of  sufficient  amounts  of  flux.  A  fairly  large 
amount  of  glas?  is  present  in  the  groundmass.  Pseudowollastonite 
is  present  only  in  small  amounts.  The  mineralogical  composition 
is  given  in  Table  5. 

(3)  Reburned  Brick. — No  data  are  available  concerning  the  heat 
treatment  of  this  brick.  It  appears  denser,  more  vitreous,  and  less 
granular  than  the  regular-bum  brick.  The  white  phenocrysts  have 
not  disappeared,  but  are  still  prominent  in  the  yellowish  ground- 
mass.  The  groundmass  is  a  deeper  yellow  than  that  of  the  regular 
brick.  The  number  of  slag  spots  seem  to  have  increased.  Tridy- 
mite is  present  in  somewhat  greater  quantities,  and  tlie  crystals  are 
larger  than  in  the  regular-bum  brick.  Remnants  of  shattered 
quartz  grains  are  sometimes  present  in  the  phenocrysts,  but  in  most 
cases  the  phenocrysts  are  completely  changed  to  cristobalite. 
Glass  is  noted  between  and  around  the  tridymite  crj'stals.  Pseudo- 
wollastonite is  present  in  much  larger  quantities  than  in  the  regular 
brick.     The  mineralogical  composition  is  given  in  Table  5. 
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2.  WISCONSIN-ILLINOIS-INDIANA  BRICK 

MANUFACTURER  (f) 

(i)  Quartzite. — The  quartzite  used  by  this  company  is  obtained 
from  the  Baraboo  (pre-Cambrian)  formation  of  Wisconsin.  The 
sample  submitted  is  a  dense,  vitreous  quartzite  with  a  purplish-red 
tinge.  Under  the  microscope  the  quartz  crystals  are  seen  to  be 
anhedral  to  subhedral.  Many  of  the  larger  grains  show  undulatory 
extinction.  The  original  siliceous  cement  has  entirely  crj^stallized 
either  in  small  quartz  crystals  or  in  crystallizing  has  followed  the 
primary  anhedral  quartz  grains  resulting  in  subhedral  crystals 
which  show  some  tendency  toward  hexagonal  development. 
Sericite  is  noted  in  veinlets  (Fig.  i6).  The  chemical  analysis  is 
given  in  Table  3. 

(2)  Regular  Brick,  One  Burn. — According  to  the  information  re- 
ceived, "  the  regular  burned  brick  was  under  fire  for  eight  and  one- 
half  days,  reaching  a  maximum  temperatiu-e  of  about  2850°  F 
(1566°  C),  which  was  maintained  for  a  period  of  24  hours.  "  The 
brick  consists  of  white  to  gray  phenocrysts,  with  a  sugary  appear- 
ance and  a  yellow  groundmass.  The  brick  is  vitreous  and  gi'anular 
and  contains  a  considerable  number  of  slag  spots.  The  chemical 
analysis  is  given  in  Table  4.  The  phenocrj'sts  are  composed  of 
almost  unchanged  quartz  grains,  usually  more  than  one  to  a 
phenocryst.  The  phenocrysts  are  siirrounded  by  rims  of  cristoba- 
lite.  The  groundmass  is  principally  cristobalite,  with  considerable 
amounts  of  tridymite  and  a  few  isolated  quartz  grains.  The 
tridymite  crystals  are  quite  small.  A  large  amount  of  yellowish- 
green  glass  is  present,  but  there  is  very  little  pseudowollastonite. 
The  mineralogical  composition  is  given  in  Table  5. 

(3)  Returned  Brick. — The  brick  had  about  three  or  four  bums, 
the  temperatures  and  duration  of  each  bimi  being  about  the  same 
as  for  the  regular  brick  of  this  company.  The  brick  is  composed 
principally  of  tridymite  with  some  cristobalite  (Figs.  17  and  18). 
There  is  very  little  quartz  present.  The  quartz  of  the  phenocrj-sts 
has  been  transformed  almost  entirel}''  to  cristobalite,  with  a  few 
small  tridymite  crv'stals  present.  The  groundmass  is  almost  en- 
tirely tridymite.  The  tridymite  cr\-stals  in  the  groundmass  are 
much  larger  than  those  in  the  phenocrj'sts,  the  largest  being  about 
0.2  mm  long.  There  are  comparatively  large  amounts  of  yellow 
glass  present  in  tlie  groundmass,  in  which  the  tridymite  crystals  are 
apparently  embedded.  The  tridymite  crystals  in  the  groundmass 
are  usually  large,  well-developed  twins.  Very  little  pseudo- 
wollastonite is  present.  The  mineralogical  composition  is  given  in 
Table  5. 
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Fig.   13. — Regular  brick  of  fnanufacturer  (e)  taken  in  ordinary  light 
Magnification=  160  diameters 


KiG.  14. — Satne  as  Fig.  ij,  but  taken  with  plane  polarized  light  and 
crossed  nicols 

Note  the  small  amount  of  doubly  refracting  quartz  in  the  phenocrysts.  The  small 
crystiils  are  mainly  tridymitc.  The  black  area  is  cristobalite.  Magnificatiou= 
160  diameters 


Fig.  i6. — Ouartzite  used  hymayinfachirer{f\  taken  with  plane  f-'ohirizcd 
light  and  crossed  nicols 

A  veinlet  ut  sericite  is  seen  running  across  the  center  of  the  fie!d.    Magnification= 
40  diameters 
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MANUFACTURER  (g) 

(i)  Chert. — ^The  chert,  which  is  the  raw  material  from  which  the 
brick  of  this  company  are  made,  is  a  hard  rock  of  vitreous  hister, 
mucli  finer  grained  than  the  usual  quartzites.  Microscopically  it 
appears  to  be  made  up  of  small  aggregates  of  chalcedony,  minute 
quartz  crystals,  and  amorphous  siliceous  material."  The  chemical 
analysis  is  given  in  Table  3. 

(2)  Regular  Brick. — Information  as  to  exact  burning  conditions 
is  not  available,  but  the  brick  probably  had  about  the  same  burn 
as  the  ordinary,  regular-bum,  silica  brick.  The  brick  has  a  light- 
yellow  color.  Phenocrysts  are  mmierous.  Their  luster  is  usually 
vitreous,  although  sometimes  they  have  a  flinty  appearance.  The 
chemical  analysis  is  given  in  Table  4.  Microscopic  examination 
shows  an  unusual  condition.  The  brick  is  composed  almost 
entirely  of  small  tridymite  crystals.  The  phenocrysts  are  dis- 
tinguished from  the  groundmass  only  by  the  relative  size  of  the 
tridymite  crystals,  the  crystals  in  the  phenocrysts  being  much 
smaller  than  those  in  the  groundmass.  There  is  very  little  glass  or 
pseudowoUastonite  present.  The  mineralogical  composition  is 
given  in  Table  5.  The  almost  complete  inversion  to  tridymite  is 
probably  due  to  the  fine-grained  condition  of  the  chert,  chalcedony 
being  one  of  its  principal  constituents. 

MANUFACTURER  (h) 

(i)  Quartzite. — ^The  quartzite  used  is  from  the  Baraboo  forma- 
tion and  is  very  similar,  both  megascopically  and  microscopicallv, 
to  that  used  by  manufacturer  (/) .  The  chemical  analysis  is  given 
in  Table  3. 

,(2)  Regular  Brick,  One  Burn. — The  burning  conditions  of  the 
regular  brick  are  practically  identical  with  those  of  the  regular 
brick  of  manufacturer  (a) .  The  brick  consists  of  dull-white  pheno- 
crysts and  a  yellow,  more  or  less  vitreous  groundmass  which  con- 
tains many  gray  to  black  slag  spots.  Microscopically  the  pheno- 
cr}^sts  consist  of  shattered  quartz  grains  with  the  cracks  showing 
some  inversion  to  cristobalite.  The  phenocrysts  are  surrounded  by 
the  typical  cristobalite  rims.  Cristobalite  is  the  chief  constituent 
of  the  groundmass,  although  some  quartz  is  also  present.  Tridy- 
mite is  found  in  only  small  quantities.     A  very  small  amount  of 

•'  The  analyses  of  the  chert,  the  chert  brick,  and  the  German  brick  (Stella  Werke    *    *    *    )  are 
taken  from  a  manuscript  of  a  paper  on  silica  brick  by  D.  W.  Ross. 
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glass  is  present  and  but  little,  if  any,  pseudowollastonite.  The 
chemical  analysis  is  given  in  Table  4,  and  the  mineralogical  compo- 
sition in  Table  5. 

3.  ALABAMA  BRICK 

MANUFACTURER  (i) 

(i)  Quartzite. — The  quartzite  used  by  this  company  is  probably 
of  Lower  Cambrian  age.  The  color  of  the  quartzite  is  gray,  but 
somewhat  darker  than  the  Medina  quartzite.  Microscopically  the 
material  resembles  a  great  deal  the  Baraboo  quartzite,  although 
here  the  fine-grained,  quartzitic  cementing  material  occurs  in 
smaller  amounts  than  in  the  Baraboo  quartzite.  Sericite  is  not  so 
common  in  this  quartzite  as  in  the  Baraboo  (Fig.  19).  The 
chemical  analysis  is  given  in  Table  3. 

(2)  Regular  Brick,  one  Burn. — The  brick  is  yellowish  in  color 
and  contains  comparatively  few  phenocrysts.  The  flux  appears 
to  have  thoroughly  permeated  the  granular  groundmass,  which 
has  a  decided  vitreous  lustre.  The  larger  phenocrysts  consist  of 
aggregates  of  quartz  crystals  separated  from  each  other  by  inter- 
stitial cristobalite.  The  smaller  phenocrysts  consist  of  cristo- 
balite  which  smrounds  corroded  remnants  of  quartz  grains.  The 
groundmass  consists  of  cristobalite,  tridymite,  quartz,  glass,  and 
pseudowollastonite.  Tridymite  crystals  are  small,  the  wedge- 
shaped  twins  being  the  most  common  forms.  The  chemical 
analysis  is  given  in  Table  4  and  the  mineralogical  composition  in 

in  Table  5. 

4.  MONTANA  BRICK 

MANUFACTURER  (j) 

(i)  Quartzite. — The  quartzite  used  by  this  company  is  quarried 
from  the  Quadrant  formation  of  Upper  Carboniferous  age.  It  is 
a  fine-grained,  dense,  vitreous  quartzite  with  a  conchoidal  to  un- 
even fracture.  There  is  a  very  little  of  the  fine-grained  siliceous 
cementing  material  present,  but  there  is  considerable  sericite. 
The  chemical  analysis  is  given  in  Table  3. 

(2)  Brick  No.  I. — This  is  a  dr>'-pressed  brick  burned  at  a  maxi- 
mum temperature  of  cone  14  (about  1410°  C),  the  entire  burning 
process  requiring  about  three  weeks.  The  brick  has  a  yellow  color 
and  small,  sugary  phenocrysts.  Microscopically  the  brick  shows 
an  unusual  condition.  The  phenociysts  are  often  composed 
wholly  of  unaltered  and  unshattered  quartz  grains,  although  the 
quartz  grains  sometimes  show  cristobalite  rims.  The  groundmass 
is  composed  almost  entirely  of  quartz,  cristobalite,  and  pseudo- 
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Fig.  17. — Rebiinwd  brick  (?)  of  manufacturer  (f)  taken  in  ordinary  light 
No  large  quartz  grains  are  present.    Magnilication=  160  diameters 


Fig.  iS. — Same  as  Fig.  J/,  hut  iaK\n  icith  plane  polarized  light  and 
crossed  nicols 


Nearly  all  the  doubly  refracting  grains  are  tridymite;  the  dark  portions  are  cristo- 
balite.    Magnificatioii=  it)o  diameters 
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Fig.  19. — Quartzite  used  by  manufacturer  (/)  taken  with  plane  polarized 
light  and  crossed  nicols 

Magnification  =  60  diameters 


Fig.  20.— Regular  brick  So.  l  of  vianufacturer  (j)  taken  uith  plane 
polarized  light  and  crossed  nicols 

Note  the  large,  almost  unaltered  phenocryst  of  the  original  quartzite.    Magnifica- 
tion =  160  diameters 
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wollastonite  (Fig.  20).  The  brick  is  notable  for  the  large  amount 
of  pseudowoUastonite  which  it  contains.  There  is  no  glass  or 
trid\mite  present.  Apparently  the  phenocrysts  make  up  about  as 
much  of  the  volume  of  the  brick  as  does  the  groundmass.  The 
chemical  analysis  is  given  in  Table  4  and  the  mineralogical  com- 
position in  Table  5. 

(3)  Brick  No.  2. — This  is  a  special  brick ;  hand  molded,  re-pressed, 
and  burned  in  a  continuous  railroad-tunnel  kiln  at  a  temperature 
of  cone  14  (about  1410°  C).  It  was  completely  heated  up,  burned, 
and  cooled  in  78  hours.  Megascopically  the  brick  differs  considera- 
bly in  appearance  from  the  preceding  one;  the  fracture  surface  is 
rougher  and  the  phenocrysts  are  more  numerous  and  considerably 
larger.  The  groundmass,  because  of  the  larger  amount  of  flux 
associated  with  it,  is  more  deeply  colored.  Although  there  is  as 
much  or  more  quartz  present  than  in  the  preceding  brick,  tlie 
phenocr\'Sts  show  much  more  shattering.  Quartz  and  cristobalite 
are  the  chief  constituents  of  the  groundmass.  There  is  no  tridy- 
mite  present,  but  considerable  pseudowoUastonite.  Glass  is 
apparently  absent.  The  chemical  analysis  is  given  in  Table  4 
and  the  mineralogical  composition  in  Table  5. 

(4)  Brick  No.  3. — This  brick  is  a  sample  of  the  regular  burn  of 
this  company;  hand  molded,  re-pressed,  and  burned  in  the  same 
manner  as  brick  No.  i.  Quartz  is  by  far  the  most  abundant 
constituent  both  of  the  phenocrysts  and  of  the  groundmass. 
The  phenocrysts  consist  almost  wholly  of  unaltered  and  unshat- 
tered  quartz  grains  surrounded  by  crystobalite  rims.  There  is 
considerable  pseudowoUastonite  present,  but  not  as  much,  appar- 
ently, as  in  brick  No.  i.  There  is  no  tridymite  or  glass  present. 
The  chemical'analysis  is  given  in  Table  4  and  the  mineralogical 
composition  in  Table  5. 

The  foregoing  brick  are  interesting  because  of  the  large'  amount 
of  quartz  remaining  and  more  particularly  because  of  the  unaltered 
and  unshattered  quartz  grains  in  the  phenocrysts.  Two  factors 
contribute  toward  this  condition:  First,  the  low-burning  tempera- 
ture tends  to  lessen  the  amount  of  quartz. which  inverts  to  cris- 
tobalite; secondly,  it  will  be  noticed  that  the  bricks  which  show 
no  shattering  have  been  subjected  to  a  long  bum,  lasting  three 
weeks.  This  would  allow  slow  elevation  of  the  temperature,  and 
tlius  reduce  strains  set  up  in  the  brick  by  differences  of  tempera- 
tures within  and  without.  More  shattering  of  the  grains  has 
occurred  in  the  brick  of  short  bum. 


22  Techtwlogic  Papers  of  the  Bureau  of  Standards 

5.  UNUSUAL  BRICKS  AND  TEST  SPECIMENS 

BUREAU  OF  STANDARDS  CUBES  (k) 

A  number  of  2-inch  cubes  were  made  up  from  a  standard  com- 
mercial silica-brick  mix  and  burned  at  different  temperatures. 
The  quartzite  used  in  the  mix  was  from  the  Tyrone  district,  Penn- 
sj'lvaiiia.'*  All  the  cubes  were  first  burned  to  about  1150°  C  in 
tlaree  days,  after  which  the  cubes  were  burned  to  successively 
higher  temperatures  each  time,  one  cube  being  removed  at  each 
bum  for  microscopic  analysis.  At  each  bum  about  1 8  hoiu-s  were 
required  for  heating  to  800°  and  about  6  hours  for  heating  from 
800°  to  the  desired  temperature.  The  mineralogical  composition 
of  all  cubes  is  given  in  Table  5. 

1.  1200°  Cube. — This  cube  consists  entirely  of  quartz.  Cristo- 
balite  and  tridymite  are  absent.  The  cube  resembles  the  original 
quartzite  to  a  great  extent,  the  quartz  grains  showing  no  shatter- 
ing. 

2.  i2jO°  Cube. — This  cube  resembles  the  1200°  cube  to  a  great 
extent,  except  that  the  quartz  grains  show  more  shattering.  The 
beginning  of  the  formation  of  cristobalite  is  noted  in  the  ground- 
mass.  There  are  no  e\adences  of  the  presence  of  tridymite, 
pseudowollastonite,  or  glass. 

3.  1300°  Cube. — In  this  cube  the  grains  are  more  thoroughly 
shattered.  The  development  of  cristobalite  is  noted  in  the  groimd- 
mass  and  in  the  cracks  in  the  quartz  grains.  Tridymite,  pseudo- 
wollastonite, and  glass  are  absent. 

4.  1350°  Cube. — The  only  minerals  present  are  quartz  and 
cristobalite.  The  quartz  grains  are  thoroughly  shattered,  crys- 
tobaUte  filling  the  cracks  and  surrounding  the  grains. 

5.  1400°  Cube. — This  cube  resembles  the  1350°  cube  to  a  great 
extent.  A  xerv  small  amount  of  pseudowollastonite  is  apparent. 
Trid\Tnite  and  glass  are  absent. 

6.  1450°  Cube. — Cristobalite  is  the  principal  constituent  of  this 
cube.  Trid}Tnite  crystals  make  their  appearance  for  the  first 
time.  The  crystals  are  very  small.  A  small  amoimt  of  pseudo- 
wollastonite is  present. 

7.  1300°  Cube. — This  cube  shows  a  much  greater  quantity  of 
tridjTnite  than  the  1450°  cube.  The  tridymite  crystals  even 
appear  in  some  of  the  phenocrysts.  Nearly  all  of  the  quartz  has 
been  transformed  to  cristobalite.  A  very  small  amovmt  of  pseudo- 
wollastonite is  present. 

1^  Infonnation  as  to  raw  material  and  burning  conditions  cf  these  cubes  was  taken  from  a  manuscript 
of  a  paper  on  silica  brick  by  D.  W.  Ross. 
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8.  1300°  Cube,  Burned  Three  Times. — Quartz  is  practically  absent 
in  this  cube.  Tridymite  and  cristobalite  are  the  principal  con- 
stituents, with  cristobalite  predominating.  The  tridyrnite  crystals 
are  much  larger  and  more  perfectly  developed  than  in  the  other 
cubes.  Glass  and  pseudowollastonite  are  present  in  small  quan- 
tities. 

In  all  of  these  test  cubes  it  is  much  harder  to  distinguish  the 
phenocrysts  from  the  groundmass  than  it  is  in  the  ordinary  com- 
mercial silica  brick. 

GERMAN   BRICK  (1) 

This  brick  has  the  brand  Stella  Werke  *  *  *  Information  as 
to  the  quartzite  used  as  raw  material  and  the  burning  conditions  of 
the  brick  is  not  available.  The  brick  has  a  yellowish-brown  color. 
The  phenocrysts  are  large  and  rather  numerous,  most  of  them  with 
a  white  color,  although  some  have  a  dark  and  flinty  appearance. 
The  brick  is  notable  for  the  large  number  of  black  slag  spots  that 
it  contains.  The  phenocrysts  are  composed  of  numerous  small, 
angular,  quartz  grains,  which  show  very  little  shattering,  each 
phenocryst  usually  containing  more  than  one  quartz  grain.  The 
quartz  grains  are  of  much  smaller  size  than  those  usually  found 
in  bricks  of  American  manufacture.  The  cristobalite  surroimds  the 
quartz  grains  and  forms  rims  around  the  phenocrysts.  The  ground- 
mass  is  principally  cristobalite  with  a  subordinate  amount  of 
tridymite.  The  tridymite  crystals  are  very  small.  There  is  very 
little  glass  or  pseudowollastonite  present.  The  chemical  analysis 
is  given  in  Table  4  and  the  mineralogical  composition  in  Table  5. 

COKE-OVEN  BRICKS  (m) 

This  brick  was  taken  from  a  Koppers  by-product  coke  oven, 
after  having  been  in  use  for  about  nine  years  ''.  It  was  made 
from  Baraboo  quartzite.  The  brick  was  in  place  6  inches  above 
the  floor  of  the  coking  chamber,  20  feet  from  the  pusher  end,  with 
one  of  its  sides  exposed  to  the  coke  and  the  other  to  the  flue  gases. 
The  maximum  temperature  on  the  heating  side  of  the  brick 
probably  reached  about  1535°  C,  while  the  average  temperature 
was  about  1315°  C.  On  the  coke  side  of  the  brick  the  average 
temperatiu-e  was  about  1095°  C.  Since  temperatures  near  the 
average  temperatures  just  given  are  sustained  in  coke  ovens  for 
long  periods  of  time,  they  probably  have  more  influence  upon  the 
end  products  of  the  inversion  in  the  brick  than  the  highest  tem- 

"  Information  as  to  raw  material  and  burning  conditions  of  the  coke  brick  was  taken  from  the  mipub- 
lished  manuscript  by  D.  W.  Ross. 
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peratures  reached.  The  brick  is  particularly  hard  and  tough  and 
shows  a  very  low  porosity.  It  has  a  more  \-itreous  luster  than 
the  ordinary  commercial  brick.  Thin  sections  were  made  from 
three  parts  of  the  brick — one  from  the  side  next  to  the  flue,  one 
from  the  central  portion,  and  one  from  the  side  next  to  the  coke. 
Microanalyses  were  also  made  from  these  three  parts. 

(i)  Section  from  Flue  Side  of  Brick. — This  portion  of  the  brick 
is  very  light  colored,  almost  white,  and  the  phenocrysts  are  not 
easily  distinguishable  from  the  groundmass.  The  section  consists 
almost  entirely  of  tridymite  crystals.  The  phenocrysts  can  some- 
times be  recognized  in  thin  section  by  the  smaller  size  of  the 
tridymite  crystals  in  them.  There  is  no  pseudowollastonite,  and 
the  quantity  of  glass  present  is  not  large.  The  largest  trid\Tnite 
crystal  seen  in  this  section  measiu^ed  about  0.6  mm  in  length. 
The  mineralogical  composition  is  given  in  Table  5. 

(2)  Section  from  Central  Part  of  Brick. — In  this  part  of  the  brick 
the  color  grades  from  yellow  near  the  coke  side  to  reddish  brown 
near  the  flue  side.  Here  the  phenocrysts  are  more  easily  seen 
than  in  the  section  from  the  flue  side.  The  quartz  grains  are 
scarce  and  always  possess  corroded  and  rounded  edges.  In  some 
cases  the  phenocrysts  consist  entirely  of  cristobaUte  and  niinute 
tridymite  crj^stals.  In  the  groundmass  tridv-mite  is  predominant, 
the  crystals  having  a  larger  size  than  those  of  the  phenocrj'sts. 
They  are  larger  also  than  the  tridymite  cr\'stals  in  the  groimdmass 
of  the  coke  side  of  the  brick.  The  quartz  grains  in  the  phenocrysts 
are  svuroimded  by  cristobaHte  rims.  There  is  no  noticeable  glass 
or  pseudowoUastofiite  present.  The  mineralogical  composition  is 
given  in  Table  5. 

(3)  Section  from  Coke  Side  of  Brick. — The  groundmass  of  the 
coke  side  of  the  brick  has  a  dark  color,  while  the  phenocrysts  are 
large,  sugarv',  and  white.  The  phenocrj'sts  are  made  up  of  quartz 
and  cristobaHte.  ^Tiere  a  single  quartz  grain  occupies  a  pheno- 
cryst  its  edges  are  well  rounded  and  the  grain  is  surrounded  by  a 
very  distinct  rim  of  cristobaHte.  The  tridymite  crystals  are  usu- 
ally small,  wedge-shaped  twins.  There  is  no  noticeable  glass  or 
pseudowollastonite.  The  mineralogical  composition  is  given  in 
Table.   5. 

VI.  THE   STRUCTURE   OF   SILICA   BRICK 

In  almost  ever>'  case  the  brick  is  found  to  have  a  porphyritic- 
Hke  structure  made  up  of  phenocrysts  and  groundmass.  This 
structm"e  is  not  due  to  any  chemical  or  physical  action  that  takes 
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place  during  the  heating  or  cooling  of  the  brick,  but  is  caused 
entirely  by  the  method  of  grinding  the  raw  material.  The  pheno- 
cr\'sts  are  the  coarsely  ground  pieces  of  raw  material,  while  the 
groundmass  is  made  up  of  the  finely  ground  material  and  the  rock 
flour. 

By  microscopic  examination  of  thin  sections  it  is  foxmd  that 
the  inversion  begins  first  in  the  groimdmass  of  the  brick.  Here 
cristobalite  begins  to  form.  The  material  which  is  broken  up  in 
the  phenocrysts  by  the  shattering  due  to  expansion  on  heating 
is  then  transformed  to  cristobalite,  and  rims  of  cristobalite  form 
around  the  phenocrysts  very  similar  in  appearance  to  the  reaction 
rims  seen  around  minerals  in  natural  rocks.  After  longer  heating 
the  tridymite  begins  to  appear  in  the  grotmdmass.  At  first  the 
crystals  are  exceedingly  small  and  somewhat  poorly  developed. 
With  successive  rebiumings  they  increase  in  size.  Tridymite  usually 
forms  simple,  wedge-shaped  and  more  complicated  interpenetra- 
tion  twins.  In  rebumed  brick  the  quartz  phenocrysts  are  some- 
times seen  to  be  entirely  transformed  to  cristobalite,  and  some- 
times even  tridymite  crystallites  begin  to  appear  in  the  pheno- 
crysts. 

The  presence  of  tridymite  in  bricks  which  ha^'e  had  maximum 
burning  temperatures  above  the  tridymite-cristobalite  inversion 
point  seems  difficult  of  explanation.  It  is  probable  in  cases  where 
the  brick  did  reach  these  high  temperatures  that  during  the  greater 
portion  of  the  heating  period  its  temperatvire  was  well  below  the 
inversion  point.  It  is  probable,  too,  that  while  the  temperature 
recorded  in  the  kiln  was  above  1470°  C  (the  tridymite-cristobalite 
inversion  point)  the  temperature  below  the  surface  of  the  brick 
was  not  nearly  so  high.  There  is  also  a  third  possibility  that  the 
temperatiu-es  as  indicated  by  Seger  cones  in  the  body  of  the  kiln 
under  the  conditions  were  higher  than  the  actual  temperatures. 

VII.  THE  ACTION   OF  THE  LIME 

The  greater  the  amount  of  flux  in  the  brick  the  more  quickly 
will  the  silica  be  changed  into  the  end  product  of  inversion.  It 
has  been  found,  however,  that  the  addition  of  lime  above  6  or  8 
per  cent  greatly  depresses  the  softening  temperature  of  the  brick.^" 

Although  the  addition  of  lime  hastens  the  inversions  of  silica 
and  thus  increases  the  strength  of  the  brick,  the  lime  itself  and  the 
compoimds  which  it  forms  seem  to  play  but  a  small  part  in  the 

so  Taken  from  unpublished  manuscript  by  D.  W.  Rose. 
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cementing  of  the  finished  brick.  Most  of  the  bonding  action  of  the 
brick  seems  to  come  from  tlie  interlocking  of  the  cristobaUte  and 
tridymite  crystals.  The  glass  which  sometimes  appears  to  form 
a  matrix  for  the  tridymite  crystals  may  also  aid  in  the  bonding 
of  the  bricks.  The  coke-oven  brick  (m),  however,  which  appar- 
ently contained  little  glass,  was  exceedingly  hard  and  tough. 
The  cross-breaking  strength  of  a  brick  may  be  the  measure  of  the 
strength  of  its  bond. 

Vm.  THE    CAUSES    OF   PERMANENT   EXPANSION 

The  important  effect  in  siUca  brick  of  the  inversion  of  quartz  to 
other  silica  minerals  is  the  effect  on  its  permanent  expansion. 
The  complete  transformation  of  quartz  to  cristobalite  gives  a 
volume  increase  of  13.6  per  cent;  quartz  to  tridymite,  16.8  per 
cent.  The  permanent  expansion  of  silica  brick  after  the  usual 
commercial  bum  amounts  to  about  10  or  11  per  cent  by  volume.^' 

If  most  of  the  permanent  expansion  is  not  taken  out  dining  the 
burning  the  brick  will  expand  after  it  has  been  put  into  use,  caus- 
ing buckling  of  the  furnace  walls.  A  brick  in  which  all  the  silica 
present  had  been  transformed  into  tridymite  would  have  reached 
the  limit  of  its  permanent  expansion.  From  the  standpoint  of 
permanent  expansion  alone,  therefore,  a  brick  composed  wholly 
of  tridymite  would  be  the  perfect  silica  brick. 

Not  only  has  the  transformation  of  quartz  into  cristobalite  and 
tridymite  great  influence  on  the  permanent  expansion  of  silica 
brick,  but  it  also  has  a  noticeable  effect  on  the  qualities  of  the 
brick,  such  as  its  crushing  strength,  cross-breaking  strength,  and 
spalling  tendency. 

McDowell  ^'  concluded,  after  testing  a  number  of  bricks  having 
varjang  biuns,  that  brick  of  regular  grind  increase  in  strength 
(both  compressive  and  cross-breaking)  on  each  bum  up  to  the 
third.  His  spalling  tests  showed  that  the  spalling  tendency  dimin- 
ishes on  repeated  burning. 

McDowell  gives  the  following  reasons  for  the  desirability  of 
having  a  large  proportion  of  tridymite  in  silica  brick,  providing 
the  brick  are  not  to  be  heated  continuously  above  1470°  C: 

(a)  Tridymite  has  the  least  thermal  or  temporary  expansion 
of  the  three  silica  minerals. 

(b)  Tridymite  has  the  greatest  specific  volume  of  the  three 
minerals,  and  can  not  show  any  permanent  expansion  after  re- 
peated bmning  below  its  melting  point. 

"  McDowell:  A  Study  of  the  Silica  Refractories.  Bull.  119.  Amer.  Inst,  of  Min.  Eng.,  NoTember,  1916. 
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(c)  A  tridymite  brick  could  probably  be  subjected  to  fairly 
rapid  changes  of  temperature  with  little  danger  of  cracking. 

It  seems  to  be  generally  conceded,  however,  that  the  length  of 
time  recjuired  in  burning  would  make  a  commercial  all-trid>Tnite 
brick  economically  impossible. 

E.  SUMMARY 

Petrographic  microscopic  examinations  of  commercial  silica 
brick  and  those  which  have  received  repeated  burnings  by  use  in 
kilns  show  three  main  constituents — quartz,  cristobalite,  and 
tridymite.  In  addition,  small  amovmts  of  pseudowoUastonite 
(a  — CaO.SiOj)  and  glass  are  present.  Long  bmning  at  slightly 
less  than  1470°  C  causes  the  formation  of  a  large  percentage  of 
tridymite.  Cristobalite  is  characteristic  of  higher-burned  brick. 
The  quartz  first  inverts  to  cristobalite  in  the  fine-grained  ground- 
mass  and  along  cracks  caused  by  shattering  on  heating,  and  later 
to  tridymite  if  the  temperature  does  not  exceed  1470°  C.  The 
lime  added  in  grinding  aids  more  as  a  flux  than  as  a  bond.  The 
interlocking  of  the  quartz,  cristobalite,  and  tridymite  crystals 
provides  most  of  the  cementing  action  in  the  burned  product. 

The  petrographic  microscopic  examination  of  silica  brick  makes 
it  possible  to  obtain  information  concerning  their  quality,  partic- 
ularly as  to  whether  they  are  subject  to  further  permanent  expan- 
sion. This  expansion,  being  due  to  the  inversion  of  quartz  to 
tridymite  and  cristobalite,  becomes  a  dangerous  possibility  when 
enough  quartz  has  not  been  transformed  into  the  other  high- 
temperature  fortns  of  silica  during  the  first  burning.  Quartz 
should  first  be  looked  for  in  examining  silica  brick  with  the  micro- 
scope. Tridymite  and  cristobalite  may  also  be  noted,  but  these 
are  not  as  important  in  this  connection.  The  estimation  of  tlie 
amounts  is  preferably  made  by  the  method  used  in  this  paper. 
A  fair  accuracy  is  obtainable  in  this  way.  No  definite  limit  of 
the  amount  of  quartz  allowable  can  be  stated.  It  should  not, 
however,  be  large.  A  low-quartz  brick  should  show  very  little 
further  permanent  expansion. 

Starting  with  a  standard  commercial  mix,  two  factors — time 
and  temperature — -govern  the  constitution  of  the  resulting  brick. 
The  microanalyses  of  various  bricks  show  that  the  longer  the 
brick  is  burned  at  high  temperatiues  (below  1470°)  the  greater 
will  be  the  amoimt  of  tridymite  present.  Given  time  enough,  this 
would  result  in  an  all-tridymite  brick,  which  would  be  highly 
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desirable  from  the  standpoint  of  permanent  expansion.  The  cost 
of  production  prevents  this  in  commercial  practice.  A  shorter 
bam  at  a  higher  temperature  results  in  the  transformation  of  the 
quartz  to  a  large  extent  into  cristobalite  and  some  tridymite, 
which  is  satisfactory  and  commercially  practicable. 

This  investigation  has  verified  the  prediction  of  Fenner  that, 
with  a  comparatively  small  amount  of  flux,  quartz  inverts  to 
cristobalite,  then  to  trid^Tnite  at  temperatures  where  cristobalite 
is  the  unstable,  and  tridjnnite  is  the  stable  modification.  In  the 
case  of  every  brick  examined  cristobalite  was  the  first  inversion 
product  to  form  whether  the  burning  conditions  had  been  such 
as  to  promote  much  or  little  inversion.  Moreover,  the  final  inver- 
sion product,  reached  after  many  rebumings  to  the  temperatme 
range  where  it  was  the  stable  modification,  resulted  invariably  in 
the  formation  of  tridjTnite.  The  order  of  inversion  here  is  seen 
to  follow  Ostwald's  Law  of  Successive  Reactions  quoted  in  the 
introduction  to  this  paper. 
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TABLE  3.— Chemical  Analyses  of  Silica  Rocks  Used  in  Making  Silica  Brick 


al 
Medina 
quartzite 

bl 
Medina 
quartzite 

Cl 

Home- 
wood 
sand- 
stone 

dl 
Medina 
quartzite 

SiOi 

97.84 

.30 

1.E9 

.02 

96.73 

.53 

2.35 

.04 

95.85 

.42 

3.35 

.03 

98.23 

FejOa       ..                     .           

.33 

AIiOj 

1.43 

CaO                                     

.05 

MgO 

99.45 

99.70 

99.65 

100.09 

el 
Medina 
quartzite 

fl 
Baraboo 
quartzite 

ii 
Quad- 
rant 
quartzite 

bl 

Wiscon- 
sin 

quartzite 

SiO:      

97.96 
.55 
1.63 
.02 

96.90 

.93 

1.84 

.03 

97.27 
.53 
1.84 
.07 

98  26 

FeiOj    

22 

AliO; 

MgO 

100.16 

99.70 

99.71 

100.12 

Alabama 
quartzite 

Indiana 
chert  0 

SlOj 

97.25 
.63 
1.58 
.10 
.08 
.34 

96.67 
43 

FeiOi 

AliO« 

1.59 
.07 

CaO 

MgO 

KiO 

16 

MaiO ...» 

.05 

99.98 

100.08 

•  The  analysis  of  lodiana  cliextis  taken  from  a  manuscript  of  a  paper  on  silica  brick  by  D.  W.  Ross. 
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TABLE  4. — Chemical  Analyses  of  Silica  Brick 


a2 

b2 

C2 

d2 

e2 

f2 

h2 

12 

J2 

13 

M 

SiOi 

FejOs 

AljOs 

CaO 

96.78 
.51 
1.38 
1.65 

96.68 

.82 

1.22 

1.48 

96.22 

.44 

1.47 

2.09 

97.41 

.53 

.81 

1.48 

97.01 
.40 
1.29 
1.60 

96.66 
.88 
1.22 
1.56 

95.04 
1.61 
1.12 
1.87 

96.62 

.80 

1.09 

1.84 

95.84 

.88 

1.47 

2.07 

97.69 
.46 
.78 
1.41 

95.90 

.70 

1.72 

2.06 

100.32 

100.20 

100.22 

100.23 

100.30 

100.32 

99.64 

100.35 

100.26 

100.34 

100.38 

g2  (Chert 
brick)  o 

1  (Ger- 
man 
brick)  o 

Si02    

95.60 

.61 

1.80 

2.01 

94.20 

Fe20j 

1.62 

Al"03                     

1.60 

2.24 

MgO                                                   .              .  .                                   .-.          

.09 

K,0                        

.16 
.06 
.12 

Na.O   

• 

100.36 

99.75 

a  The  analyses  of  the  chert  brick  and  the  German  brick  were  taken  from  a  manuscript  of  an  unpub- 
lished paper  on  silica  brick  by  D.  W.  Ross. 
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TABLE  5. — Mineralogical  Composition  of  Silica  Brick 


31 


Specimen 


Quartz 
and  sili- 
cates 


Tridy- 
mite 


Cristo- 
balite 


a2    Regular  brick,  1  bum 

a3    Special  briclj,  6  burns 

a4    Brick  used  in  magnesite  kiln 

a5    Brick  used  in  crown  of  clay  kiln 

b2    Regular  brick,  Ibum 

b3    Rebumed  brick 

c2    Regular  brick,  1  bum 

d2    Regular  brick,  1  bum 

e2    Regular  brick,  1  bum 

e3    Rebumed  brick 

12  Regular  brick,  1  bum 

13  Rebumed  brick 

g2    Chert  brick 

h2    Regular  brick,  1  bum 

12    Regular  brick,  1  bum 

12    Brick  No.  1 

j3    Brick  N0.2 

i4    Brick  No.  3 

kl    Bureau  oi  Standards  1200*  cube 

k2    Bureau  ol  Standards  1250"  cube 

k3    Bureau  of  Standards  1300°  cube 

k4    Bureau  of  Standards  1350°  cube 

k5    Bureau  of  Standards  1400°  cube 

k6    Bureau  of  Standards  1450°  cube 

k7    Bureau  of  Standards  1500°  cube 

kS  Bureau  of  Standards  1500°  cube,  3  bums. 

1  German  brick  (Stella  Werke    *    *    *).. 

m-A    Coke  oven  brick,  flue  side 

m-B    Coke  oven  brick,  center 

m-C    Coke  oven  brick,  coke  side 


13.0 
9.0 
10.0 
13.0 
22.0 
12.0 
75.0 
43.0 
9.0 
14.0 
40.0 
8.0 
5.0 
44.0 
14.0 
61.0 
72.0 
70.0 
100.0 
92.0 
72.3 
48.0 
30.0 
16.0 
11.0 
6.0 
20.0 
8.0 
20.0 
31.0 


15 

78 

86 

86 
7 

71 
None 
Trace 

36 

60 
8 

75 

83 
4 

13 
None 
None 
None 
None 
None 
None 
None 
None 

(«) 

10 

24 
2 

89 

67 

45 


72.0 
13.0 

4.0 

1.0 
71.0 
17.0 
25.0 
57.0 
55.0 
26.0 
52.0 
17.0 
12.0 
52.0 
73.0 
39.0 
28.0 
30.0 
None 

8.0 
27.5 
52.0 
70.0 
83.0 
79.0 
70.0 
78.0 

3.0 
13.0 
24.0 


"  Less  than  1  per  cent. 

Washington,  October  n,  igi8. 
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I.  UBBELOHDE  VISCOSIMETER 

The  short-tube  viscosimeters  in  common  use  with  lubricating 
oils  are  not  well  adapted  to  measure  viscosities  approaching  that 
of  water,  because  changes  in  viscosity  have  too  sHght  an  influence 
upon  the  time  of  flow.  For  example,  with  the  Engler  instrument, 
the  time  for  gasoline  at  10°  C  (50°  F)  was  found  to  be  48.7 
seconds,  and  at  50°  C  (122°  F)  it  was  46.1  seconds.  For  water  the 
corresponding  times  were  54.2  and  47.7  seconds.'  It  will  be  seen 
that  for  smaller  changes  in  temperature  it  might  be  difficult  to 
detect  any  change  in  viscosity. 

According  to  Ubbelohde  ^  all  grades  of  kerosene  show  a  viscosity 
of  from  1  to  1.05  Engler  degrees.  Taking  the  average  time  for 
water  at  20°  C  (68°  F)  as  51  seconds,  this  statement  shows  that 
the  time  for  kerosene  is  from  51  to  53.5  seconds,  a  variation 
hardly  greater  than  the  experimental  error. 

The  Engler,  as  well  as  the  Saybolt  Universal  viscosimeter,  has 
an  outlet  tube  only  7  diameters  in  length,  and  it  is  necessary  to 
employ  a  longer  tube  in  order  to  obtain  an  instrument  more 
sensitive  to  changes  in  viscosity.  A  special  viscosimeter  for 
illuminating  oils  was  suggested  by  Engler  and  constructed  by 
Ubbelohde.  Although  Lockhart  ^  refers  to  it  as  the  Engler- 
Ubbelohde  viscosimeter,  it  seems  preferable  to  call  it  simply  the 
Ubbelohde  viscosimeter  to  more  clearly  distingtiish  it  from  the 

*  W.  H.  Herschel.  Bureau  of  Standards  Technologic  Paper  No.  loo,  p.  23:  1917.    This  paper  will  be 
referred  to  subsequently  simply  as  T.  P.  joo. 
'  L.  Ubbelohde,  Petroleum,  4.  p.  861;  1906. 
*L.  B.  Lockhart,  American  Lubricants;  p.  214;  1918. 
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Engler  instrument  for  lubricating  oils  which  was  improved  by 
Ubbelohde. 

The  Ubbelohde  viscosimeter  is  similar  to  the  Engler  in  having 
a  large,  shallow  container.  It  differs  in  the  dimensions  of  the 
outlet  tube,  and  in  being  pro^'^ded  with  an  overflow  pipe  to 
determine  the  initial  level  of  the  liquid,  instead  of  gage  points  as 
in  the  Engler  instrument.  Viscosities  are  expressed  in  Ubbelohde 
degrees,  obtained  by  dividing  the  time  of  discharge  for  the  oil  by 
the  "water  rate"  or  efflux  time  for  loo  cm^  of  water  at  20°  C 
(68°  F).  Since  water  does  not  readily  wet  the  surface  of  the 
container,  especially  after  it  has  been  previously  filled  with  oil, 
the  overflow  can  not  be  used  to  bring  the  water  level  to  the  cor- 
rect elevation.  The  following  method  is  therefore  emploved  in 
determining  the  water  rate:  A  sufficient  amount  of  alcohol  is 
poured  into  the  container  so  that  a  surplus  runs  out  of  the  over- 
flow. When  the  flow  has  ceased  the  container  is  emptied  by  pull- 
ing a  skewer  out  of  the  top  of  the  outlet  tube  (just  as  in  starting 
the  flow  in  an  Engler  instrument) ,  and  the  volume  of  alcohol  held 
in  the  container,  below  the  level  of  the  overflow,  is  measured. 
This  same  volume  of  water  must  be  poured  into  the  container 
when  finding  the  water  rate.  If  an  excess  of  water  is  used,  there 
is  a  tendency  for  it  to  cling  to  the  overflow  pipe,  above  the  level 
of  the  liquid  in  the  container,  and  thus  to  make  the  effective  head 
too  great. 

Table  i  contains  the  standard  dimensions  of  the  Ubbelohde 
viscosimeter,*  together  with  the  dimensions  of  two  instruments  of 
the  Bureau  of  Standards. 

TABLE  1. — Dimensions  of  Ubbelohde  Viscosimeters 


Dimension 


Inner  diameter  of  outlet  tube,  at  top 

Inner  diameter  of  outlet  tube,  at  bottom..: 

Outside  diameter  of  outlet  tube,  at  bottom,  di.. 

Lengtti  of  outlet  tube,  / 

Diameter  of  container,  D 

Outside  diameter  of  oversow  pipe,  dt 

Initial  head  on  bottom  of  outlet  tube,  ki 

Average  head,  calculated 

Water  rate,  seconds 

Capacity  of  container,  cubic  centimeter 


cm 

0.125 
.125 
1.0 
3.0 
10.5 


4.6 
3.992 
200. 


Tolerance 


cm 

±0.001 
±  .001 
±  .05 
±   .01 
±   .10 


±  .01 


±4.0 


Bureau  of  Standards 
insinmients 


No.  21 


cm 

0.1311 
.1282 
.9 
2.934 
10.579 
.67 
4.545 
3.950 
199.9 
132. 


No.  22 


cm 

0. 1306 

.1277 

.9 

3.068 

10.576 

.68 
4.702 
4.104 
198.6 
132. 


*  L.  Ubbelohde,  loc.  cit. 
ler.  p.  s6;  1915. 


Also  D.  Holde.  The  Examination  of  Hydrocarbon  Oils,  translated  by  E.  Muel- 
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Except  for  ^2  Table  i  contains  the  corresponding  dimensions 
which  are  prescribed  for  the  Engler  and  Saybolt  viscosimeters. 
The  average  head  was  calculated  from  the  equation 

h-h. 


"^'^^(f)  (^) 


where  /z,  and  h^  are  the  initial  and  final  heads,  respectively.  Since 
100  cm^  are  discharged  from  the  viscosimeter  during  a  test,  it 
follows  that — 

^(D=-ff,=)  (/?. -/k)=ioo  =  C?  (2) 

4 

pro\-ided  that  the  surface  of  the  liquid  remains  in  the  cylindrical 
part  of  the  container  at  the  end  of  run.  The  depth  of  this  cylin- 
drical part,  below  the  overflow,  is  1.3  cm,  in  an  instrument  of 
normal  dimensions,  and  as  the  surface  of  the  Uquid  falls  a  distance 
h^  —h..  equal  to  1.16  cm,  equation  (2)  will  apply.  From  a  com- 
parison of  equations  (i)  and  (2)  it  is  evident  that  d^  must  be  used 
to  determine  h  and  that  its  value  should  be  specified. 

Of  less  importance  is  the  dimension  d^  which  is  supposed  to  Kmit 
the  resistance  due  to  surface  tension,  as  with  the  Engler  viscosim- 
eter where  the  jet  spreads  out  over  the  whole  end  surface  of  the 
outlet  tube.  It  would  appear,  however,  that  no  tolerance  need 
be  specified  with  a  value  of  d^  as  large  as  i  cm,  as  slight  variations 
in  size  would  have  no  effect. 

II.  DETERMINATION    OF    VISCOSITY    IN    POISES    BY    THE 
UBBELOHDE  VISCOSIMETER 

Holde  recoihmends  that  a  glass  viscosimeter  should  be  used  if 
it  is  desired  to  obtain  viscosity  in  absolute  units;  that  is,  in  poises. 
Ubbelohde,  on  the  other  hand,  says  that  he  has  encountered  so 
many  difficulties  in  using  these  instruments  that  they  can  not  be 
recommended  for  technical  purposes.  It  is  of  course  realized  that 
the  Ubbelohde  instrument  is  not  so  accurate  as,  for  example,  the 
Bingham  viscometer,^  but  it  is  beUeved  that  for  petroleum  prod- 
ucts, which  are  not  definite  chemical  compounds,  and  hence  are 
not  strictly  reproducible,  the  Ubbelohde  viscosimeter  gives  suf- 
ficiently accurate  results. 

The  purely  arbitrary  unit,  the  Ubbelohde  degree,  should  not  be 
confused  with  the  Engler  degree,  which  is  another  purely  arbitrary 
time  ratio.     If  viscosities  are  expressed  in  poises,  all  confusion  is 

^  E.  C.  Bingham  and  R.  P.  Jackson,  Scienti&c  Paper  No.  298,  Bureau  of  Standards,  p.  64;  1917. 
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avoided,  since,  -n^thin  the  limits  of  experimental  error,  viscosities 
will  have  the  same  value  no  matter  by  what  instrument  they  are 
obtained.  It  therefore  seemed  desirable  to  determine  an  equation 
for  calculating  the  viscosity  in  poises  from  the  time  of  discharge 
with  the  Ubbelohde  \4scosimeter. 

It  has  been  shown  in  pre\'ious  papers  ^  that  for  any  efflux  \-is- 
cosimeter  in  which  the  pressure  causing  flow  is  due  wholly  to  the 
head  of  the  liquid  whose  viscosity  is  to  be  measured, 

...         \-iscositv  in  poises      ,       B  ,  . 

kmematic  viscositv  =^i rr^ -,=At  —  —  (i) 

density,  g  per  cm^  t  ^ 

where 

_jrgd*h__  (4) 

1280  (/+X) 
and 

o  Qm  (5) 

87r(/  +  X) 

in  which  m  is  the  coefficient  of  the  kinetic  energy  correction  and 
X  is  the  "Couette  correction"  which  is  necessitated  by  end  effects 
other  than  acceleration.  A  and  B  may  be  calculated  if  in  and  X 
are  determined,  since  all  other  quantities  may  be  taken  from 
Table  i. 

There  are  two  convenient  methods  for  finding  the  instrumental 
constants  A  and  B.     In  Higgins's  method  the  kinematic  ^^scosity 

divided  by  the  time  in  seconds  —  is  plotted  against  75*     This  gives 

a  straight  line  whose  point  of  intersection  with  the  axis  of  ordinates 
gives  the  value  of  A .  The  tangent  of  the  acute  angle  between  the 
line  and  the  axis  of  abscissas  gives  the  value  of  B. 

In  Herschel's  method  m'  represents  the  uncorrected  viscosity 

irgd*yht       gd'yh 
128QI         327;/ 

where  v  is  the  mean  velocity  of  flow.    Then is  plotted  against 

—  (the  ratio  of  uncorrected  %nscosity  to  the  true  Aiscositv  obtained 

under  such  conditions  that  m  and  X  are  negligible) ,  and  finally, 
for  the  case  when  these  quantities  can  not  be  neglected,  they  may 
be  obtained  by  the  equations 

"'-aT^  (6) 

d  tan  6 


-'C'-O  "> 


•W.  H.  Herschel,  Bureau  of  Standards.  Technoloinc  Paper  No.  112,  p.  9;  1918.    This  paper  will  be 
referred  to  subsequently  simply  as  T.  P.  112.     Proceedings  A.  S.  T.  M..  18  (11)  p.  363;  IQ18. 
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where  6  is  the  angle  between  the  calibration  curve  and  the  axis  of 

abscissas,  and  —  in  equation  (7)  is  the  value  read  at  the  point 

where  the  caUbration  curve,  extended,  intersects  the  axis  of  ab- 
scissas. 

TABLE  2. — Times  of  Discharge  for  Ubbelohde  Viscosimeters 


Liquid 


Tempera- 
ture 


Instrument  No.  21 


Series  1     Series  2 


Instrument  No.  22 


Series  1     Series  2 


Distilled  water. 


10  per  cent  ethyl  alcohol  solution,, 


30  per  cent  ethyl  alcohol  solution. . 


50  per  cent  ethyl  alcohol  solution. 


20  per  cent  sucrose  solution. 


40  per  cent  sucrose  solution. 


°c 

Seconds 

5 

246,6 

10 

225.3 

IS 

214.5 

20 

200.6 

2S 

190.5 

30 

186.0 

35 

181.5 

40 

172.6 

45 

169.6 

50 

167.2 

0 

450.0 

5 

370.4 

10 

339.6 

15 

286.5 

20 

256.8 

25 

243.0 

30 

222.6 

0 

784.6 

S 

608.7 

10 

515.5 

15 

421.2 

20 

364.4 

25 

318.0 

30 

285.7 

0 

798.8 

5 

699.6 

10 

575.0 

15 

485.5 

20 

438.4 

25 

382.6 

30 

316.2 

0 

418.6 

5 

376.2 

ID 

^30.  7 

15 

292.5 

20 

267.3 

25 

249.9 

30 

243.7 

1,075.0 
790.0 
645.6 
555.0 
477.4 


Seconds 


199.2 
190.5 
182.1 
175.8 
171.4 
165.5 
161.2 
401.4 
338.9 
301.7 
267.1 
242.8 
225.5 
212.2 


602.8 
525.8 
409.0 
345.3 
306.0 
275.5 


692.4 
566.2 
512.0 
447.5 
339.5 
319.2 


Seconds 

245.3 
223.4 


Seconds 


210.2 

198.8 

198.3 

189.4 

190.8 

181.6 

181.7 

174.8 

174.9 

170.3 

168.2 

164.3 

164.8 

162.1 

162.8 

391.4 

396.4 

331.4 

336.9 

289.6 

294.1 

263.8 

260.8 

240.2 

240.7 

224.8 

223.2 

211.4 

207.2 

721.8 

579.9 

593.2 

468.1 

513.8 

398.0 

399.8 

347.1 

343.3 

304.2 

302.7 

276.0 

272.5 

812.0 

743.5 

670.0 

561.0 

547.6 

496.2 

501.6 

417.4 

445.6 

340.3 

336.1 

304.6 

306.0 

425.0 

377.5 

327.1 

289.2 

263.2 

245.7 

234.0 

1,140.0 

801.5 

649.5 

581.8 

492.6 
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Table  2  gives  times  of  discharge  of  various  liqmds  of  known 
\'iscosity.  Examination  of  this  table  shows  that  the  tests  with 
instrument  Xo.  21,  in  series  i,  showed  in  nearly  every  case  higher 
values  than  in  either  of  the  other  three  columns.  It  is  believed 
on  this  account  that  the  tests  of  series  2  are  probably  the  more 
accurate. 

In  plotting  Higgins's  diagram,  Fig.  i,  from  the  data  of  Table  2, 
the  tests  with  sucrose  solutions  were  omitted.  With  the  Saybolt 
\'iscosimeter,'  which  has  a  shorter  outlet  tube,  it  was  found  that 
the  sucrose  solutions,  on  account  of  their  higher  surface  tension, 
gave  an  appreciably  different  caUbration  cur\'e  than  that  obtained 
with  the  alcohol  solutions,  and  that  the  latter  curv^e  was  prefer- 
able. With  the  Ubbelohde  ^■^scosimeter  the  effect  of  differences 
in  surface  tension  could  not  be  detected,  so  that  there  would  be 
no  objection  to  the  use  of  distilled  water  on  account  of  its  high 
surface  tension.  Fig.  i  gives  no  indication  of  a  bend  in  the  caH- 
bration  curs'e.  This  indicates  that  the  critical  velocity  was  not 
exceeded,  and  removes  the  last  possible  objection  to  distilled 
water  as  a  calibrating  liquid. 

Fig.  2  shows  a  Herschel  diagram  on  wliich  only  tests  with  water 
and  sucrose  solutions  are  plotted,  the  tests  with  alcohol  solutions 
being  omitted  to  avoid  confusion.  Here  also  there  is  no  indica- 
tion of  a  bend  in  the  calibration  cvuve.  It  should  be  remembered 
that  in  Fig.  i  no  correction  could  be  made  for  variations  in  dimen- 
sions of  instruments,  so  that  a  greater  lack  of  agreement  would 
be  expected  between  tests  on  different  Anscosimeters  than  in  Fig.  2, 
pro\'ided  that  the  dimensions  are  accurately  measured.  In  pre- 
\aous  work  with  the  Engler  and  Saybolt  \4scosimeters  it  was 
possible  to  look  down  the  outlet  tubes  with  a  microscope  and 
measure  the  inside  diameter  at  the  middle  of  the  tubes.  This 
was  not  possible  with  the  smaller  tubes  of  the  Ubbelohde  \-iscosi- 
meters,  and  the  uncertainty  in  the  assumption,  made  in  calcu- 
lating the  average  diameter,  d,  that  there  was  a  uniform  taper 
from  one  end  to  the  other  of  the  outlet  tubes  is  a  strong  objection 
to  the  use  of  such  small,  metallic  tubes  for  very  accurate  measure- 
ments. The  Herschel  method  has  the  advantage  that  values  of 
X  and  m  are  determined,  and  with  increasing  knowledge  of  the 
possible  range  of  these  quantities,  their  determination  will  become 
a  check  of  increasing  value. 

'  T.  p.  112,  p.  II. 
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Fig.  I. — Calibration  curve  of  Ubbelohde  viscosimeter  by  Higgin's  method 
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By  using  the  average  dimensions  of  instruments  Nos.  21  and  22, 
from  Table  i ,  together  with  equations  (3)  to  (5) ,  the  formula  was 
obtained, 


7 


0.00027173        3-9789  m 


t- 


3.001  +X        {3.001  +X)  ^ 


(8) 


0=  Series    7,  Instrument  fVo.ZI 

>=       "         1,  '<                22 

0=      ..        2.  »               2/ 

£f  =      '•        2.  'v              22 


isoo 
I400 

1300 

I  zoo 
1100 

/ooo 
900 
SOO 

lob 
600 
SOO 
400 

300 

I  zoo 

too 


f.o      I.Z       lA       t.6       1.8      z.O     2.2      2.4      2.6      2.8 

Fig.  2. — Calibration  curve  of  Ubbelohde  viscosimeter  by  Herschel's  method 

The  method  of  least  squares  was  used  for  locating  the  calibration 
curv-e  on  Fig.  2,  m  and  X  were  determined  by  means  of  equations 
(6)  and  (7) ,  and  finally  A  and  B  were  calculated  from  equation  (8) . 
Tests  on  sucrose  solutions  were  not  included  in  these  calculations, 
results  of  which  are  given  in  Table  3. 
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TABLE  3. — Determination  of  Instnunental  Constants  by  Herschel's  Method 


Test  series  No. 

z+x 
I 

X 

X 
d 

tano 

m 

A 

B 

I 

1. 0062 
1.0214 

0.0186 
.0642 

0.144 
.497 

628.7 
670.4 

1.179 
1.107 

0.00009CO 
.0000887 

1  554 

2 

Since 


(9) 


and  -  for  water  at  20°  C  (68°  F)  is  equal  to  0.010068,  the  water 

rates  corresponding  to  any  assumed  values  of  A  and  B  may  be 
easily  calculated.  The  values  thus  obtained  from  lines  (i)  and 
(2)  of  Table  3  were,  respecti^^ely,  198.8  and  197.2,  which  agree 
fairly  well  with  the  water  rates  found  experimentally  and  given 
in  Table  i . 

If  series  (2)  is  taken  as  the  more  accurate,  the  equation  for  cal- 
culating viscosity  from  time  of  discharge  of  instruments  Nos.  21 
and  22  becomes 

kinematic  viscosity  =  -; ; — - — ;  =0.0000887  i '-^^  (10) 

density,  g  per  cm^  t 

where  t  is  the  time  in  seconds.     The  calibration  curves  of  Figs. 

I  aijd  2  were  drawn  to  agree  with  this  equation. 

III.  EQUATIONS   FOR   INSTRUMENTS    OF   STANDARD 

DIMENSIONS 

It  will  be  noted  from  Table  i  that  instruments  Nos.  21  and  22 
have  approximately  the  normal  water  rate  of  200  seconds,  but 
that  the  average  diameter  of  the  outlet  tube  is  not  very  close  to 
the  specified  value  of  0.125  c^^-  Therefore  one  of  these  values 
must  be  abandoned,  and  it  has  appeared  preferable  to  adopt  for 
d  a  normal  value  of  0.129  with  Ubbelohde's  tolerance  of  ±0.001 
in  order  to  keep  the  water  rate  as  close  as  possible  to  the  specified 
values.  It  may  be  assumed  that  such  sHght  changes  in  dimen- 
sions will  not  change  -;  nor  m  and  that  these  values  will  be  the 
a 

same  as  found  by  experiment.  Table  4  gives  all  suggested  di- 
mensions, with  tolerances  in  general  of  the  same  magnitude  as  in 
Table  i. 
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TABLE  4. — Suggested  Dimensions  for  Ubbelohde  Viscosimeters 


Maii- 
mum 


Normal 


Mini- 
mum 


Average  inner  diameter  ol  outlet  tube,  d 

Outside  diameter  of  outlet  tube,  at  bottom,  di-- 

Length  of  outlet  tube,  / 

Diameter  of  container,  D 

Outside  diameter  of  overflow  pipe,  rfa 

Initial  head  on  bottom  of  outlet  tube,  k\ 

Average  head  calculated 


cm 

0.130 


3.01 

10.6 

.71 

4.61 

4.014 


cm 

0.129 
1.0 
3.00 
10.5 
.70 
4.60 
3.992 


cm 
0.128 


2.99 
10.4 

.69 
4.59 
3.970 


Selecting  the  dimensions  to  make  the  time  of  discharge  a  maxi- 
mum, and  with  -  equal  to  0.397  ^^d  m  equal  to  1.107,  the  equa- 
tion  was  obtained 


-  =  0.0000834  t  —  i^l^ 
Similarly  with  normal  or  mean  dimensions 

^=0.0000868 /-i-i^ 
7  t 


(II) 


(12) 


With  dimensions  tending  to  give  a  minimum  time  of  discharge 

(13) 


H  .      1.442 

-  =  0.0000903  t -1^ 


Table  5  was  calculated  from  equations  (11)  to  (13)  for  certain 
suitable  calibrating  liquids. 

TABLE  5. — Times  of  Discharge  Calculated  from  Dimensions  of  Table  4 


Liquid 

Time 

Maximum 

Normal 

Minimum 

Distilled  water 

°C 

20 
25 
20 
25 
20 
25 

°F 

68 
77 
68 
77 
68 
77 

Seconds 
204.8 
195.3 
385.0 
327.8 
417.8 
363.0 

Seconds 
199.0 
190.2 
371.8 
316.3 
403.0 
350.5 

Seconds 
193.8 

Do 

185.2 

359.0 

Do 

306.4 

389.0 

Do 

339.0 

It  will  be  seen  that  the  variation  in  water  rate  at  20°  C  is  from 
205  to  194,  or  a  variation  of  1 1  seconds,  as  compared  with  8  sec- 
onds assumed  by  Ubbelohde.     In  view  of  the  difficulties  of  meas- 
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uring  d  accurately,  since  Rapp's '  most  accurate  method  applies 
only  to  a  glass  tube,  it  would  probably  be  advisable  to  make  /  as 
accurately  as  possible  and  then  ream  out  the  outlet  tube  until 
the  time  of  discharge  came  within  the  limits  of  Table  5. 

IV.  APPLICATIONS  OF  EQUATION  (10) 

Care  should  be  taken  not  to  apply  equation  (10)  above  the 
critical  velocity.  While  there  was  no  evidence  from  tests  that  the 
critical  velocity  had  been  reached,  it  may  be  estimated  as  fol- 
lows. The  ratio  of  length  to  diameter  of  the  outlet  tube  being 
23.2  it  may  be  expected  that  the  critical  velocity  would  occur 

when  "Reynolds's  criterion" was  between  2000  (the  value  for 

long  tubes)  and  800  (the  value  found  for  a  length  of  7  diameters) . 
Assuming  that  Reynolds's  criterion  is  equal  to  1400  at  the  critical 
velocity 

M^^^=o.oooo887/-i^^ 
7     1400  t 

from  which,  since  'v=%Tr  and  d  =  0.1294, 

it  may  be  calculated  that  t  is  equal  to  155  seconds.  Equation 
(10)  should  therefore  be  used  with  caution  when  the  time  of  dis- 
charge is  less  than  this  value. 

Fig.  3  shows  time  ratios  of  the  Ubbelohde  and  Engler  viscosi- 
meters  according  to  data  given  by  Lockhart,  tests  given  in  Table 
2  and  others  previously  published."  The  curve  has  been  drawn 
as  calculated  by  equation  (10)  and  the  Engler  equation 

-  =  0.00147  i-^^^  •  (14) 

7  f 

for  points  below  the  critical  velocity  where  the  time,  Engler,  is 
56  seconds  or  over.  For  the  extreme  lower  end  of  the  curve, 
above  the  critical  velocity,  it  was  necessary  to  use  the  equation '" 

^  =  0.000705  i--^  (15) 

It  will  be  seen  that  as  the  time  of  discharge  increases,  the  time 
ratio  increases,  and  from  the  values  of  A  in  equations  (10)  and 
(14)  it  may  be  calculated  that  the  time  ratio  has  a  constant  value 
of  16.6  when  the  kinetic  energy  correction  is  negligible. 

•  I.  M.  Happ,  Physical  Review,  2,  p.  369 ;  1913. 

•  T.  P.   loo.   p.   23-  - 

"  Tlais  equation  was  calculated  at  the  same  time  as  equation  (14),  T.  P.  100,  p.  31,  but  lias  not  previously 
been  published. 
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V.  FLUIDITIES  OF  KEROSENES 
In  dealing  with  liquids  of  low  viscosity  it  is  more  convenient 
to  use  the  fluidity  —instead  of  the  \ascosity  m-     The  temperature- 
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Fig.  3. — Ratio  of  times  of  discharge  of  Ubbelhode  and  Engler  viscosimeters 

fluidity  curve  is  more  nearly  straight  than  the  temperature- 
viscosity  curve,  and  furthermore  by  the  use  of  fluidities  decimals 
are  avoided.  Table  6  shows  fluidities  of  kerosenes  calculated  by 
equation  (10)  from  data  of  Ubbelohde  and  Post." 

"  Post's  Chemisch— Technische  Analyse,  1,  pp.  307,  318:  1908. 
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The  density  7  in  equation  (10)  must  of  course  be  referred  to  the 
density  of  water  at  4°  C  (39.2°  F),  and  should  not  be  confused 
with  the  specific  gravity.'^ 

TABLE  6.— Fluidities  of  Kerosenes 


Authority 


Specific 

gravity, 
15.6°  C 

Fluidity 
at  20°  C 

15.6°  C 

0.717 

(744. ) 

.799 

61.6 

.799 

52.8 

.808 

94.9 

.808 

70.2 

.809 

52.8 

.816 

68.5 

.817 

44.2 

.823 

55.3 

.790 

49.3 

.800 

42.1 

.800 

59.7 

.809 

44.3 

.810 

43.6 

.824 

47.3 

I 


Ubbelohde. 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Do 

Post 

Do 

Do 

Do 

Do 

Do 


Benzine 

Kerosene  C 

Kerosene  E 

Kerosene  A 

Kerosene  B 

Kerosene  O 

German  kerosene 

Kerosene  F 

Nobel  lierosene 

American  water-wliite  kerosene 

American  standard  white  kerosene. 

Russian  "meteor"  kerosene 

Galician  kerosene 

German  kerosene 

Russian  "nobel"  kerosene 


The  fluidity  of  benzine  in  the  first  Hne  of  the  table  is  evidently 
in  error.  Ubbelohde  gives  6.692,  which  is  apparently  a  mis- 
print for  0.692  as  given  by  Holde.  But  744  fluidity,  calculated 
from  0.692  Ubbelohde  degrees,  is  an  impossible  value,  since 
Bingham "  has  shown  that  all  the  ahphatic  hydrocarbons,  of 
which  benzine  and  gasoline  are  mainly  composed,  have  a  fluidity 
of  only  about  500  at  the  boihng  point.  Part  of  the  error  may  of 
course  be  due  to  using  equation  (10)  in  the  calculation  because 
the  critical  velocity  is  exceeded. 

It  will  be  observed  that  there  is  considerable  variation,  among 
the  kerosenes,  in  the  fluidity  corresponding  to  a  given  specific 
gravity.  That  this  is  also  true  of  gasoHne  is  indicated  by  Dean,'* 
who  says  that  ' '  specific  gravity  in  itself  is  of  very  slight  signifi- 
cance in  determining  the  properties  of  gasoline." 

^^  The  following  publications  of  the  Bureau  of  Standards  are  helpful  in  making  conversions  between  the 
Baum^  scale,  specific  gravity  and  density  of  oils  at  different  temperatures;  Circular  19,  Standard  Density 
and  Volumetric  Tables,  p.  4?.  1916;  Circular  57.  U.  S.  Standard  Tables  for  Petroleum  Oils,  p.  53,  and  Sup- 
plementary Petroleum  Oil  Table  No.  s,  1916;  H.  W.  Bearce  and  E.  h.  Peffer,  Technologic  Paper  No.  77, 
p.  iS,  19:6. 

"  E.  C.  Bingham,  American  Chemical  Journal,  43,  p.  296;  1910. 

^*  E.  W.  Dean,  Technical  Paper  166,  Bureau  of  Mines,  p.  11;  1917. 
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VI.  FLUIDITIES  OF  GASOLINES 

There  is  very  little  published  information  on  the  viscosity  or 
fluidity  of  gasoline.  Sorel  ^^  gives  information  from  which  the 
viscosity  of  fuels  might  be  calculated,  but  all  of  them  are  more 
\'iscous  than  water.  Brewer "  quotes  Sorel's  table  and  gives 
additional  data  of  his  own,  but  his  measurements  were  made  with 
tubes  of  insufficient  length.  Table  7  shows  fluidities  of  various 
gasolines  as  determined  by  the  Ubbelohde  viscosimeter  and  cal- 
culated by  equation  (10).  The  gasohnes  are  numbered  in  the 
order  of  their  specific  gravities.  Fluidities  calculated  from  times 
of  discharge  less  than  155  seconds  have  been  marked  with  an 
asterisk  (*). 

TABLE  7. — Fluidities  of  Gasolines  at  Various  Temperatures 


Gasoline  No. 

Specific 
gravity 
15.6°C 

Temperature 

5°C 

15°C 

25°C 

35°C 

45°C 

15.6°C 

55»C 

1 

0.757 
.748 
.743 
.726 
.722 
.717 
.716 
.708 
.702 
.701 
.699 
.694 
.680 
.813 

145 
130 
129 
202 
189 
176 
197 
203 
233 
230 
233 
251 
288 
39 

166 
151 
156 
233 
219 
208 
217 
230 
261 
262 
269 
286 
323 
47 

193 
170 
185 
264 
244 
239 
256 
257 
296 
287 
306 
316 
365* 
61 

212 
194 

203 
293 
278 
277 
289 
298 
321 
333 
335 
354* 
413* 
71 

235 
214 

227 
324 
308 
295 
321 
332 
358* 
373* 
372* 
387* 
441* 
84 

262 

2               ...          

243 

3 ^ 

4                              

360* 

5 

342* 

6                                  

7 

341* 

8 

360* 

9 

400* 

10 

398* 

11    .            .   .              

423* 

12 

427* 

13 

475* 

Gasolines  Nos.  7  and  8  give  an  example  of  two  fuels  with  prac- 
tically the  same  gravity  but  greatly  difl'ering  fluidity.  Bingham 
has  shown  that  the  fluidity-vapor  pressure  curves  of  the  aliphatic 
hydrocarbons  are  practically  identical.  This  shows  that  the  vapor 
pressure  or  volatility  is  determined  by  the  fluidity  for  any  of  these 
pm-e  substances,  and  suggested  an  investigation  of  the  relation 
between  fluidity  and  vapor  pressure  of  gasolines  which  are  mainly 
composed  of  these  hydrocarbons.  The  experimental  determina- 
tion of  the  vapor  pressure  of  gasolines  has  been  found  to  yield 
widely  discordant  results,  because  the  nonhomogeneity  of  the  gaso- 

'^  E.  Sorel,  Carbureting  and  Combustion  in  Alcohol  Engines,  translated  by  Woodward  and  Preston, 
p.  i6s;  1907- 
18  R.  W.  A.  Brewer,  Carburetion  in  Theory  and  Practice,  p.  pj;  London;  1913. 
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lines  makes  the  observed  vapor  pressure  extremely  sensitive  to 
slight  changes  in  the  experimental  conditions. 

Fig.  4  v/as  plotted  from  data  of  Table  7,  the  fluidities  of  the 
aliphatic  hydrocarbons  and  of  water  being  taken  from  the  tables 


sso 


^so 


~~Z5        O       +2S        SO        75        loa      tzs       /so 

Fig.  4. — Temperature-fluidity  curves  oj  gasolines  and  other  liquids 


ns 


of  Bingham  and  Harrison."  The  figure  shows  that  kerosene  has  a 
lower  fluidity  or  greater  viscosity  than  water.  Ordinary  commer- 
cial gasoline,  as  in  samples  Nos.  2  and  3,  has  about  the  same 
fluidity  as  octane.     The  curve  for  sample  No.  7  was  omitted  for 


^^  H.  C.  BinghaiQ  and  J.  P.  Harrison.  Zeit.  f.  Pbysikalische  Chemie.  66,  p.  12;  1909. 
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the  sake  of  clearness  as  it  would  approximately  coincide  with  that 
for  heptane.  Most  of  the  aviation  gasolines,  Nos.  4  and  8  to  12. 
ares  hown  to  be  more  fluid  than  heptane  and  less  fluid  than  hexane 
Since  the  temperatxire-fluidity  relation  for  these  gasolines  is  deter- 
mined by  a  practically  straight  line,  their  fluidity  would  be  deter- 
mined by  specifying  values  at  two  temperatures. 

It  appears  from  Fig.  4  that  fluidity  might  serve  as  an  important 
criterion  of  the  quality  or  suitability  of  a  gasoline  where  volatility 
is  an  important  factor.  It  seems  probable  that  the  fluidity  is  more 
closely  connected  with  the  volatility  than  is  the  density.  The  test 
for  fluidity,  while  it  does  not  give  the  information  obtained  by  a 
fractional  distillation  in  regard  to  the  homogeneity  or  range  of 
boiling  points  of  the  fuel,  is  a  comparatively  simple  test  to  make. 

Fig.  4  does  not  show  any  indication  of  a  bend  in  the  calibration 
ctu-\-es  due  to  the  critical  velocity  being  exceeded,  but  fluidities  in 
Table  7  marked  with  an  asterisk  (*)  should  be  accepted  with  cau- 
tion, both  on  account  of  possible  trouble  due  to  the  critical  velocity 
and  to  the  possible  error  due  to  evaporation  of  such  volatile  liquids 
at  high  temperatures. 

Vn.  CONCLUSION 

The  usual  method  of  judging  the  volatility  or  suitability  of  a 
gasoline  by  the  density  is  only  a  rough  approximation,  and  fluidity, 
which  may  be  easily  determined  with  a  suitable  viscosimeter, 
might  prove,  either  alone  or  in  conjunction  with  other  tests,  to  be 
a  preferable  criterion.  The  Ubbelohde  viscosimeter,  designed 
primarily  for  use  with  kerosene,  sers^es  well  enough  for  a  commer- 
cial determiaation  of  the  fluidity  of  gasoline. 

Washington,  December  20,  191 8. 
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I.  INTRODUCTION 

In  1 9 10  Goutal  '  published  a  method  for  determining  carbon 
monoxide  and  carbon  dioxide  in  steel,  which  consisted  in  dis- 
soh-ing  the  metal  in  a  40  per  cent  copper-potassium-chloride 
solution  in  a  rubber-stoppered  flask  through  which  pmified  nitro- 
gen passed  and  carried  with  it  the  gases  liberated  upon  solution 
of  the  steel.  The  gases  carried  by  the  nitrogen  were  first  passed 
through  barium-hydroxide  solution  to  absorb  carbon  dioxide, 
and  then  washed  with  concentrated  sulphiuric  acid  saturated 
with  bromine  to  remove  hydrocarbons  generated  from  the  steel. 
Following  the  sulphiuric-acid  vessel  was  (i)  a  tower  filled  with 
stick  potassium  hydroxide  to  remove  bromine  carried  over  from 
the  preceding  wash  bottle ;  (2)  a  U -tube  which  contained  pumice 

^  E.  Goutal,  Rev.  de  Met.,  7,  pp.  6-15;  1910. 
166426°— 19 
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sattirated  with  concentrated  sulphuric  acid  for  completel}-  Avyvag 
the  gas;  (3)  a  U-tube  filled  with  iodine  pentoxide.  This  was 
heated  by  an  oil  bath  to  75°  for  the  purpose  of  oxidizing  carbon 
monoxide  according  to  the  equation :  5CO  + 1,05  =  I2  +  5^0,.  The 
iodine  thus  liberated  was  carried  on  by  the  current  of  nitrogen  to  a 
wash  bottle  containing -chloroform  covered  with  water.  Here  it 
was  absorbed  and  the  chloroform  solution  was  subsequently 
titrated  against  sodium  thiosulphate.  From  the  amount  of  iodine 
thus  determined  the  carbon  monoxide  was  calculated. 

As  part  of  a  general  study  of  the  determination  of  gases  in  steel, 
it  was  decided  to  stud}-  this  method  at  the  Bureau  w4th  the  idea 
of  coordinating  results  obtained  by  it  and  by  the  Ledebur  method 
of  determining  oxides  in  steels  when  both  methods  were  applied  to 
the  same  sample.  As  will  be  seen  later  this  was  not  done  because 
the  Goutal  method  did  not  yield  the  results  expected  of  it. 

In  attempting  to  repeat  Goutal's  work,  it  seemed  desirable  to 
make  certain  changes  in  his  apparatus  and  method.  These 
related  to  (i)  choice  of  apparatus,  (2)  purity  of  reagents  used, 
(3)  blank  corrections,  and  (4)  methods  for  estimating  the  carbon 
monoxide  and  dioxide. 

II.  AUTHORS'   MODIFICATION   OF   GOUTAL'S    PROCEDURE 

AND  APPARATUS 

1.  APPARATUS 

In  this  work  a  reaction  flask  fitted  with  ground-glass  stopper 
was  substituted  for  the  rubber-stoppered  flask  used  by  Goutal. 
The  elimination  of  rubber  is  an  obvious  advantage.  The  appara- 
tus for  washing  with  a  solution  of  bromine  in  concentrated  sul- 
phuric acid  was  omitted,  after  determinations  of  carbon  monoxide 
on  several  steels  with  and  without  it  in  the  train  showed  no  appre- 
ciable difference.  The  tube  containing  pumice  saturated  with 
concentrated  sulphuric  acid  was  also  omitted  as  being  minecessary. 
The  wash  bottle  containing  chloroform  which  followed  the  iodine 
pentoxide  and  which  was  used  by  Goutal  for  absorbing  the  iodine 
liberated  was  replaced  in  the  authors'  apparatus  by  a  Meyer  tube 
filled  with  barium-hydroxide  solution,  since  the  carbon  dioxide 
formed  by  oxidation  of  the  carbon  monoxide  was  determined 
instead  of  the  equivalent  iodine  Liberated,  as  in  Goutal's  work. 
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2.  REAGENTS 

(a)  Copper-Potassium-Chloride  Solution. — Goutal  makes  no 
statements  as  to  impurities  in  the  copper  potassium  chloride  he 
used.  His  procedure  in  preparing  for  a  determination  was  to 
place  in  the  reaction  flask  500  cm^  of  the  40  per  cent  copper-potas- 
sium-chloride solution,  replace  the  stopper,  and  boil  for  one- half 
hour  while  passing  a  slow  cin-rent  of  nitrogen.  Then  the  flask 
was  connected  to  the  train  containing  the  absorbents  for  carbon 
monoxide  and  carbon  dioxide,  and  the  boiling  and  passing  of 
nitrogen  was  continued  for  1 5  minutes ;  the  flask  was  now  allowed 
to  cool  for  one  hour  with  the  nitrogen  stiU  passing.  He  says: 
"  Apres  ce  temps,  on  ne  doit  constater  aucun  trouble  dans  le  solu- 
tion de  barj-te  et  aucun  coloration  dans  le  chloroform  bien  que  le 
tube  a  anhydride  iodique  se  troube  portfe  de  le  debut  a  75°."  If 
Goutal  actually  secured  this  result,  his  blank  determinations 
could,  of  course,  be  considered  satisfactory. 

In  the  present  work  such  blank  determinations  were  obtained 
only  after  very  special  precautions,  as  is  shown  by  Table  i ,  which 
gives  the  results  of  several  experiments.  It  was  found  in  this 
work  that  different  preparations  of  copper  potassium  chloride 
contained  varying  and  sometimes  very  large  amounts  of  impuri- 
ties, which  cause  a  blank  correction  such  as  Goutal's  preUminary 
treatment  would  not  eUminate.  Such  impurities  may  be  removed 
in  part  by  recrystalhzing  the  salt,  and  Table  i  gives  some  blank 
experiments  made  by  using  solutions  of  copper  salt  so  prepared. 
The  procedure  in  making  these  determinations  was  that  subse- 
quently described  in  this  paper  for  determining  carbon  monoxide 
and  carbon  dioxide  in  steel  with  omission  of  the  steel. 

TABLE  1. — Results  of  Blank  Determinations  <^  When  Using  Various  Preparatioas  of 
Copper  Potassium  Chloride 


Source  or  method  of  piepaiation  of  salt 


CO 


COj 


Baker  &  Adamson's 

J.  T.  Baker's 

J.  T.  Baker's  recr]>stalU2ed. 


Salt  recovered  from  mother  liquors  from  recrystalliiation. 
Specially  prepared  by  authors  (see  text  j 


mg 

mg 

0.5 

1.1 

.6 

1.1 

1.2 

2.5 

1.0 

2.5 

.9 

1.8 

1.1 

1.5 

1.0 

1.1 

2.9 

6.9 

.0 

.0 

°  These  blank  determinatiocs  were  made  by  carrying  out  the  method  as  described  on  pp.  5-6,  omitting 
the  steel. 
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Since  it  was  found  impossible.either  to  obtain  commercial  prepa- 
rations of  this  salt  which  gave  no  blank  correction,  or  to  purify 
them  so  that  an  appreciable  blank  correction  was  not  necessary,  a 
special  reagent  was  made  for  some  of  the  work.  Electrolytic 
copper  was  dissolved  in  hydrochloric  add  to  which  was  added 
slightly  more  than  the  theoretical  amount  of  nitric  acid  to  convert 
to  cupric  salt.  The  solution  was  evaporated  on  the  steam  bath 
until  dry,  then  covered  with  concentrated  hydrochloric  acid  and 
again  evaporated  on  the  steam  bath  until  dry.  Potassium  chlo- 
ride was  freed  from  possible  organic  contaminants  by  fusion  in 
an  electric  furnace  through  which  air  was  circulated.  The  reagent 
for  dissolving  the  two  steels  was  prepared  in  quantity  by  dis- 
solving the  two  salts  in  correct  proportion  and  filtering.  The  rea- 
gent thus  prepared  gave  no  blank  corrections  whatever. 

(6)  Hydrogen  and  Nitrogen  {for  Displacing  the  Liberated  Carbon 
.  Monoxide  and  Carbon  Dioxide) . — Goutal  used  air  or  nitrogen  inter- 
changeably for  this  purpose.  In  this  work  either  pure  hydrogen 
or  nitrogen  was  used,  comparison  tests  on  a  sample  of  steel  having 
shown  that  the  amounts  of  carbon  monoxide  and  carbon  dioxide 
obtained  under  otherwise  similar  conditions  were  practically  iden- 
tical.    (See  Table  2.) 

TABLE  2.— Results  When  Using  Nitrogen  and  Hydrogen  as  Displacing  Gases 


Sample 

Hydrogen 

Nitrogen 

CO 

CO, 

CO 

COi 

Per  cent 

f        0.026 
1          .029 

Per  cent 

0.011 

Per  cent 

0.026 

Per  cent 

0.019 

.016 

.029 

.013 

3.  AUTHORS'  METHOD  OF  DETERMINING  MONOXIDE  AND  DIOXIDE 

Carbon  dioxide  was  absorbed  in  barium  hydroxide  solution,  but 
instead  of  converting  the  precipitated  carbonate  to  sulphate  and 
weighing  it  in  that  form,  as  Goutal  did,  the  authors  determined  it 
by  the  barium-carbonate-titration  method,-  which  method  has 
been  proved  here  and  elsewhere  to  be  accurate  and  reUable.  The 
carbon  dioxide  produced  as  a  result  of  the  reactions  in  the  iodine- 
pentoxide  tube  was  also  absorbed  in  barium-hydroxide  solution 
and  determined  in  the  same  way.  It  was  foimd  necessary,  by 
tests,  to  heat  the  iodine-pentoxide  tube  to  1 50°  instead  of  to  75°, 

>  J.  R.  Cain,  B.  S.  Tech.  Paper  No.  a;  1914.    Also  J.  Ind.  and  Eng.  Chem.,  6,  p.  46s:  1914. 
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as  Goutal  recommended;  the  data  given  in  Table  3  show  that 
known  amounts  of  carbon  monoxide  were  converted  to  carbon 
dioxide  only  at  or  above  this  temperature. 

The  carbon  monoxide  for  the  experiments  shown  in  Table  3 
was  obtained  by  decomposing  known  amounts  of  pure  sodium 
oxalate  with  concentrated  sulphuric  acid;  the  gas  evolved  was 
carried  into  the  iodine-pentoxide  tube  with  pure  hydrogen.  From 
the  table  it  is  seen  that  at  80°  only  63.4  to  71.7  per  cent  of  the 
carbon  monoxide  was  oxidized  to  carbon  dioxide,  while  at  150° 
97.3  per  cent  or  more  was  so  oxidized. 

TABLE  3.— Oxidation  of  CO  by  IjOj  at  Different  Temperatures 


Temperature 

Amount  of 
CO  present 

Amount  of 
CO  found 

Recovered 

80°...                                                       .               

S 
0.0103 

.0082 
.0234 
.0128 
.0173 
.0157 
.0189 
.0154 

0.0063 
.0059 
.0211 
.0121 
.0158 
.0154 
.0184 
.0157 

Per  cent 
63.4 

100° 

71.7 
92.7 

150° : . . . 

94.5 
91.3 
98.1 

97.3 
"101.8 

fl  A  little  SO3  passed  over. 

III.  GOUTAL'S  METHOD  AS  USED  BY  AUTHORS 

Four  hundred  cubic  centimeters  of  the  copper-potassimn- 
chloride  solution  were  placed  in  the  solution  flask  together  with 
4  cubic  centimeters  of  i-i  hydrochloric  acid  and  the  solution 
was  boiled  for  -one  hour  with  air  (purified  from  carbon  dioxide) 
passing.  At  the  end  of  this  period,  when  using  the  specially 
prepared  copper  reagent,  the  solution  was  free  from  substances 
yielding  carbon  monoxide  and  carbon  dioxide;  with  the  purified 
conunercial  preparations  small  amounts  of  these  gases  were  gen- 
erally still  evolved,  for  which  appropriate  blank  corrections  were 
appUed.  The  solution  was  now  cooled  to  room  temperature, 
the  steel  put  in  and  the  flask  connected  to  the  hydrogen  apparatus 
on  one  side  and  the  gas-collecting  apparatus  on  the  other.  Hydro- 
gen was  passed  slowly  for  two  hours  during  solution  of  the  steel, 
the  oil  bath  heating  the  iodine-pentoxide  tube,  ha\'ing  previously 
been  brought  to  150°.  The  solution  was  then  boiled  vigorously 
for  an  additional  hour  with  a  more  rapid  current  of  hydrogen 
passing  during  this  period.     The  tubes  which  served  for  collecting 
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the  carbon  monoxide  and  dioxide  were  then  disconnected  and  the 
flask  cleaned  and  filled  with  fresh  solvent  in  preparation  for  the 
next  determination.  The  barium  carbonate  in  each  tube  was 
determined  as  described,  and  calculated,  respectively,  to  carbon 
dioxide  and  monoxide  after  any  necessary  blank  corrections  were 
made. 

Table  4  shows  the  results  obtained  by  the  authors  when  using 
various  kinds  of  steels.  The  results  were  intended  to  illustrate 
the  effect  (i)  of  carbon  percentage,  (2)  weight  of  sample,  and 
(3)  effect,  if  any,  of  process  of  manufacture.  The  first  two  effects 
are  discussed  later;  no  distinction  based  on  the  process  of  manu- 
facture is  evident. 

TABLE  4.— Results  by  Authors  with  Goutal's  Method  (Modified) 

I.  CONSTANT  WEIGHT  OF  SAMPLE  FOR  SERIES 


Sample  used  » 


Weight  used 


COa 


CO 


Bes.  0.8  per  cent  C. 

Bes.  0.6  per  cent  C. 

Bes.  0.4  per  cent  C 

Bes.  0.2  per  cento.. 
Bes.  0.1  per  cent  C. 


Per  cent 

0.018 
.020 
.019 
.016 
.010 
.014 
None 
.004 


Per  cent 

0.029 
.026 
.029 
.024 
.019 
.019 
.017 
.003 


n.  VARYING  WEIGHT  OF  SAMPLE 


5 

0.032 

0.008 

20 

None 

.046 

A.  0.  H.  0.8  per  cent  C 

5 

.039 

.002 

10 

.010 

.014 

20 

None 

.037 

B.  0.  H.  1.0  per  cento 

2.5 

.078 

.038 

5 

.044 

.016 

10 

.053 

.010 

A.  0.  H.  1.0  per  cento 

5 

.058 

.016 

10 

.023 

.009 

20 

.009 

.007 

"  All  are  Bureau  of  Standards  analyzed  samples. 

The  results  of  this  table  show  that  the  carbon  monoxide  and 
dioxide  content  of  steels  by  the  Goutal  method  vary  greatly 
according  to  the  weight  of  sample  relative  to  the  quantity  of  cop- 
per salt;  hence  such  gas  contents  are  apparent  and  not  real.  Thus 
in  one  case  when  5  g  samples  are  used  over  six  times  as  much 
carbon  dioxide  is  shown  as  is  obtained  from  the  same  steel  when 
20  g  samples  are  used  (A.  O.  H.  i  .0  per  cent  C) ;  v/ith  this  steel,  the 
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carbon-monoxide  content  with  lo  g  samples  is  only  about  one-half 
as  large  as  that  of  the  5  g  samples.  It  seems  very  Hkely  that  the 
carbon  dioxide  is  generated  from  action  of  the  cupric  salt  on  the 
carbides  present ;  when  5  g  of  metal  are  used  a  considerable  excess 
of  cupric  salt  remains  to  act  upon  the  carbides  liberated  during 
solution  of  the  steel.  When,  however,  20  g  of  metal  are  used, 
no  cupric  salt  is  left  and  hence  the  oxidizing  action  is  much  less 
vigorous,  as  is  shown  by  the  lowering  of  the  carbon-dioxide  content. 
This  is  even  more  true  when  the  2.5  g  samples  are  used.  (See 
Table  4.)  It  is  very  doubtful  whether  the  results  in  the  "  carbon- 
monoxide"  column  represent  entirely  or  even  approximately  the 
amount  of  that  gas  formed  by  the  oxidizing  action  of  the  cupric 
salt,  since  during  this  action  there  are  also  liberated  hydrocarbons 
recognizable  by  their  odor,  and  many  of  these,  as  is  well  known, 
are  oxidized  by  iodine  pentoxide. 

Determinations  of  carbon  monoxide  and  carbon  dioxide  were 
made  by  the  Goutal  method  on  a  white  iron  containing  about  3.7 
per  cept  combined  carbon,  i.  e.,  carbide  carbon.  Such  an  iron 
might  be  expected  to  give  a  very  high  percentage  of  "carbon 
monoxide"  and  carbon  dioxide  because  of  the  large  percentage 
of  carbide  present.  Actually,  using  10  g  samples,  o.ii,  0.13,  0.13 
per  cent  carbon  dioxide  were  found,  whereas  determinations  of 
carbon  dioxide  by  solution  of  the  metal  in  dilute  hydrochloric 
acid,  employing  the  apparatus  and  in  other  respects  the  procedure 
used  for  conducting  the  Goutal  method,  showed  no  carbon  dioxide 
when  2  g  and  3  g  samples  were  used. 

If  the  cupric  salt  oxidizes  the  carbides,  then  the  longer  the  time 
of  contact  the  more  carbon  monoxide  and  dioxide  should  be  formed, 
providing  an  excess  of  cupric  salt  is  always  present.  To  test  this 
point  a  5  g  sample  of  a  high-carbon  steel  was  dissolved  and  the 
carbon  dioxide  and  carbon  monoxide  determined  as  usual.  The 
flask  was  closed  to  prevent  access  of  air  and  allowed  to  stand  over- 
night. Hydrogen  was  then  passed  with  the  absorbing  apparatus 
connected  and  the  contents  of  the  flask  boiled  for  an  hour  with  the 
hydrogen  still  passing  and  the  carbon  monoxide  and  carbon 
dioxide  then  determined.  This  was  repeated  for  four  successive 
days.  The  results  (corrected  for  blanks)  are  shown  in  Table  5  and 
indicate  that  there  is  a  continuous  oxidizing  action  by  the  cupric 
salt.  The  one-hour  treatment  was  sufficient  to  expel  all  the  carbon 
dioxide  and  carbon  monoxide  formed  after  each  period  of  standing. 
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TABLE  5. — A  ction  of  Cupric  Salt  on  Carbides  as  a  Function  of  Time 


Sample  used  (5  g) 

Time  of  bollins 

Day 

CO 

COi 

One  hour 

....do 

First 

0.016 
.012 
.004 
.010 

0.014 

.012 

Third 

1        An 

.006 

IV.  CONCLUSIONS 

From  the  work  herein  described  the  following  conclusions  may- 
be drawn: 

1.  If  Goutal's  method  is  to  be  used  for  the  purpose  intended, 
various  modifications  should  be  made  in  the  procedure  as  originally 
described  with  a  view  to  eliminating  errors  in  the  methods  of 
measuring  the  carbon  monoxide  and  dioxide  and  for  reducing 
or  eliminating  blank  corrections. 

2.  The  method  does  not  give  the  true  carbon-monoxide  or 
carbon-dioxide  content  of  steels  and  irons,  but  instead  a  fictitious 
value  for  these  gases  since  they  appear  to  be  generated  by  action 
of  the  cupric  salt  on  the  carbides  present. 

3.  This  fictitious  content  of  carbon  monoxide  and  dioxide 
varies  (a)  with  the  weight  of  sample  relative  to  the  amount  of 
reagent;  (Jb)  with  the  time  of  boiling  of  the  solvent;  and  (c)  with  the 
carbon  content  of  the  metal. 

Washington,  December  26,  191 8 
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I.  INTRODUCTION 

Although  much  attention  has  been  given  to  the  subject  of  elec- 
trolysis mitigation  and  many  methods  have  been  proposed  and 
used  for  preventing  and  reducing  the  escape  of  electricity  from 
street-railway  tracks  used  as  the  return  circuit,  it  seems  that 
very  little  thought  has  been  given  by  street-railway  engineers 
to  the  question  of  insulating  such  roadbeds  or  constructing  them 
in  such  a  manner  as  to  offer  high  resistance  to  leakage  currents. 

In  the  1 914  report  of  the  committee  on  way  matters  to  the 
American  Electric  Railway  Engineering  Association,  "Effect  on 
Electrolysis"  was  ennumerated  as  one  of  the  12  factors  influencing 
the  design  for  "Proper  Foundation  for  Tracks  in  Paved  Streets," 
but  it  does  not  appear  that  this  factor  was  considered  by  the 
committee  in  recommending  4  standard  types  of  construction, 
nor  is  any  mention  of  this  subject  found  in  the  discussion  fol- 
lowing the  report  of  the  committee,  although  the  4  types  of 
foimdations  differ  greatly  in  their  electrical  resistance  to  leakage 
currents.  The  cause  for  an  apparent  lack  of  consideration  of  this 
factor  is  probably  due,  not  to  a  disinterest  in  the  subject,  but 
rather  to  the  absence  of  information  on  which  conclusions  could 
be  based  and  to  a  greater  interest  in  other  factors,  considered  of 
prime  importance  in  the  construction  of  electric  railways. 

Practically  no  data  on  the  resistance  of  different  types  of  road- 
beds are  available,  although  the  relative  resistance  of  some  types 
are  known  in  a  general  way.  For  instance,  open-track  construc- 
tion on  gravel  or  stone  ballast,  with  rails  out  of  contact  with  the 
earth,  is  generally  known  to  have  a  high  resistance  to  earth, 
and  this  kind  of  construction  is  frequently  considered  as  a  complete 
and  sufficient  protection  to  adjacent  pipes  and  other  underground 
structiu^es.  On  the  other  hand,  track  construction  without  bal- 
last and  with  rails  in  contact  with  earth,  and  particularly  wet 
earth,  is  known  to  afford  a  low-resistance  path  to  leakage  ciu:- 
rents.  It  is  well  known  that  roadbeds  having  ties  treated  with 
zinc  chloride  and  other  chemicals  offer  low  resistance  between 


Roadbed  Resistance  5 

rails  and  earth  as  well  as  between  the  two  rails  in  a  block.  Signal 
engineers  have  frequently  traced  false  signals  to  this  cause. 

Some  few  investigations  have  been  made  of  the  resistivity  of 
different  kinds  of  wood  with  varying  moisture  content  and  with 
different  preservative  treatments,  but  such  data  are  of  little 
value  in  determining  the  composite  leakage  resistance  of  a  road- 
bed. Ahlbom,'  in  191 1  and  19 13,  made  measurements  on  three 
electric  lines,  each  being  several  miles  in  length,  and  calculated 
the  average  leakage  resistance  for  each  line  by  a  somewhat  indirect 
method.  His  results  show  wide  diiferences  in  the  resistances  of 
different  kinds  of  roadbeds  and  emphasize  the  need  of  further 
investigation  of  this  subject.  He  found  an  open  track  on  high, 
well-drained,  gravelly  soil  to  have  a  leakage  resistance  of  14.57 
ohms  for  each  1000  feet  of  single  track,  while  a  similar  track  on 
lov/,  marshy  clay  and  gravel,  with  the  rails  in  contact  with  the 
earth  in  many  places,  had  a  leakage  resistance  of  only  1.76  ohms 
for  each  1000  feet  of  single  track.  A  city  track  in  Washington 
on  crushed-rock  ballast  with  a  "Tarvia"  surface,  was  found  to 
have  a  leakage  resistance  of  1.81  ohms  for  each  1000  feet  of 
double  track  or  about  twice  the  resistance  of  the  second  Une. 
Only  three  lines  were  investigated  and  each  under  a  single  condi- 
tion of  the  soil. 

The  object  of  this  paper  is  to  present  leakage-resistance  data  on 
a  number  of  types  of  roadbeds  for  different  weather  and  soil 
conditions  and  to  discuss  the  several  factors  which  influence  the 
resistance  of  roadbeds.  With  such  information  available  to  the 
street-railway  engineers,  they  will  be  able  to  give  this  subject 
the  attention  wliich  it  deserves  and  to  select  those  types  of  con- 
struction which,  consistent  with  other  featiu-es,  give  the  highest 
leakage  resistance,  and  therefore  the  best  electrolysis  conditions. 

II.  PRINCIPLES  AND  DEFINITIONS 

The  leakage  path  traversed  by  stray  currents  from  electric 
railways  consists  of  several  elements  and  varies  greatly  with 
different  types  of  roadbed  construction.  In  the  case  of  open 
track,  the  current  leaves  the  rails,  entering  the  ties  through  the 
spikes  and  the  base  of  the  rails,  and  then  passes  into  the  ballast 
and  finally  into  the  adjacent  earth  from  which  part  of  it  finds  its 
way  to  metallic  structures,  and  eventually  to  the  negative  pole 

^  G.  H.  Ahlboni,  "Data  ou  Electric  Railway  Track  Leakage,"  Technologic  Papers  of  the  Bureau  of 
Standards,  No.  75. 
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of  the  generator.  In  paved  streets  an  additional  leakage  path 
is  offered  through  direct  contact  of  the  rails  with  the  earth,  pave- 
ment, or  other  material  in  which  they  are  embedded. 

In  this  paper  the  part  of  the  circuit  in  which  we  are  concerned  is 
termed  "the  roadbed"  and  consists  of  the  pavement,  ties,  and 
ballast.  By  far  the  greatest  part  of  the  total  resistance  of  the 
leakage  path  is  to  be  found  in  the  roadbed,  particularly  in  open 
construction,  where  the  wood  ties  almost  act  as  insulators  between 
the  rails  and  the  earth.  In  the  case  of  earth  ballast  or  where  the 
ties  are  laid  on  a  natural  gravel  ballast,  the  extent  of  the  roadbed 
is,  of  course,  indefinite.  In  determining  the  resistance  of  any 
types  of  roadbed,  an  attempt  was  made  to  measure  the  resistance 
between  the  rails  and  a  remote  ground,  such  as  a  network  of  water 
mains.  Such  a  measurement  would,  of  course,  include  the  resist- 
ance of  the  earth  between  the  roadbed  and  the  remote  ground,  but 
as  this  is  only  a  very  small  fraction  of  the  total  resistance  where 
ordinar}^  types  of  construction  are  involved,  it  is  here  included  in 
the  roadbed  resistance. 

The  difficulties  involved  in  making  roadbed-resistance  measure- 
ments on  ordinary  track  systems  are  at  once  evident  when  one 
considers  that  in  general  such  systems  are  electrically  continuous 
for  miles  and  include  many  different  types  of  construction.  More- 
over, they  are  actively  employed  for  i8,  and  in  many  places  24, 
hours  each  day,  during  which  time  accurate  electrical  measure- 
ments would  be  impossible.  In  order,  therefore,  to  determine  the 
resistance  to  earth  of  any  limited  section  of  track,  it  is  necessary 
to  either  isolate  that  section  from  the  remainder  of  the  track 
network  or  else  make  careful  differential  measurements  at  a  time 
when  no  cars  are  in  operation.  Both  of  these  methods  require 
the  work  to  be  done  at  night  on  tracks  not  employed  for  "owl 
seiAnce." 

In  the  District  of  Columbia,  where  this  investigation  was  carried 
out,  another  restriction  is  imposed  by  the  double  underground 
trolley  system  which  is  used  exclusively  except  on  some  of  the 
suburban  lines.  Where  this  system  is  employed  the  rail  joints  are 
not  bonded  and  resistance  measurements  therefore  could  not  be 
made.  In  view  of  these  various  conditions  it  was  found  that  only 
three  types  of  open  track  and  two  types  of  city  track  in  the  District 
were  suitable  for  the  desired  measurements. 

In  order  to  supplement  the  information  which  could  be  obtained 
on  the  city  tracks  several  short  sections  of  experimental  roadbeds 
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of  different  types  were  constructed  on  the  grounds  of  the  Biu-eau, 
and  these  offered  an  opportunity  of  observing  the  effects  of 
different  weather  and  soil  conditions  as  well  as  permitting  experi- 
mentation with  new  types  and  modifications  and  variations  of 
standard  types. 

III.  MEASUREMENTS  ON  CITY  AND  SUBURBAN  ROADBEDS 
1.  DIFFERENTIAL  METHOD  OF  MEASURING  ROADBED  RESISTANCE 

Fig.  I  illustrates  the  method  employed  for  making  measure- 
ments on  roadbeds  where  it  was  found  impracticable  to  isolate  a 
Umited  section  of  the  track.  After  the  car  traffic  has  been  with- 
drawn for  the  night,  a  portable  storage  battery  is  connected,  as 
shown,  between  the  four  rails  of  the  track  and  a  water  hydrant  on 


6iation-B 


tlUliuoUmeter  \ 


iStationA 


Fig.  I. — Differential  method  of  making  roadbed  resistance  measurements 

a  relatively  large  main.  An  ammeter  and  a  regulating  resistance 
are  included  in  the  circuit.  Nine  Edison  storage  cells  were 
employed  for  this  purpose  and  a  constant  current  of  from  25  to  35 
amperes  was  maintained  during  the  period  of  the  test.  The 
cmrent  entering  the  rails  will  flow  away  from  the  test  station  in 
both  directions,  as  shown  by  the  arrows.  Leakage  will  take  place 
to  the  earth  and  all  of  the  current  will  be  picked  up  by  the  water- 
piping  system  and  returned  to  the  negative  pole  of  the  battery. 
If  now  a  millivoltmeter  be  employed  to  measiu'e  the  potential 
drop  on  a  short  section  of  the  track  at  Station  A  and  again  at 
several  thousand  feet  distant  at  Station  B,  the  loss  of  current  from 
the  rails  between  the  two  stations  can  at  once  be  determined, 
provided  the  rails  are  of  the  same  weight  and  resistivity  at  the 
two  stations,  and  provided  further,  that  the  battery  current  has 
remained  constant.     Now,  if  the  potential  difference  between  the 
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section  of  track  under  test  and  the  earth  at  some  distance  from  it 
be  measiu"ed,  the  resistance  to  earth  of  this  section  of  track  can  be 
easily  computed. 

While  the  principle  involved  in  such  a  measurement  is  extremely 
simple,  the  practical  difficulties  encountered  make  accurate  and 
reliable  results  very  difficult  of  attainment,  and  it  is  only  by  many 
and  repeated  measurements  that  reliable  data  can  be  secured. 
The  difference  between  the  ciurents  at  Stations  A  and  B  is  the 
quantity  which  must  be  determined,  and  as  this  is  usually  a  small 
fraction  of  the  total  current,  even  over  a  distance  of  one-half  mile,  ■ 
a  slight  error  in  the  measurements  would  be  exaggerated  in  the 
result.  Errors  might  result  from  inacciu-ate  readings  or  from 
different  rail  weights  or  resistivities.  It  is  necessary,  therefore,  to 
make  not  only  one  measurement  on  each  of  the  four  rails  at  both 
stations,  but  measurements  should  be  made  at  several  slightly 
different  locations  at  each  station. 

In  determining  the  average  potential  difference  between  the 
track  and  the  earth,  voltage  measurements  should  be  made  to  as 
many  different  underground  structures  as  can  be  found  in  the 
vicinity.  Measurements  made  to  the  water  hydrants  along  the 
track  are  likely  to  give  erroneous  results,  due  to  the  gradient  on 
the  water  main  caused  by  the  rettun  current.  The  most  reliable 
and  consistent  results  were  obtained  by  driving  a  ground  rod  into 
the  earth  at  a  distance  of  not  less  than  50  feet  from  the  track  and 
measuring  the  potential  difference  between  it  and  the  track  with 
a  high  resistance  voltmeter. 

This  differential  method  was  employed  on  the  Wisconsin  Avenue 
line  in  Washington  at  two  different  locations,  designated  as  (a) 
and  (b)  in  Table  i ,  and  on  the  Chevy  Chase  Hne  in  three  different 
locations,  designated  as  (c) ,  (d) ,  and  (e)  in  Table  i .  The  measure- 
ments extended  over  a  period  of  two  years  and  were  taken  under 
different  moisture  conditions  of  the  roadbed. 

2.  ISOLATION  METHOD  OF  MEASURING  ROADBED  RESISTANCE 

Some  of  the  suburban  roadbeds  on  which  it  was  desired  to 
make  measurements  were  in  localities  where  no  piping  systems 
existed  and  where  the  method  just  described  could  therefore  not 
be  employed.  These  roadbeds  were  of  open  construction  and  it 
was  therefore  a  comparatively  simple  matter  to  remove  the  joint 
plates  and  bonds  from  four  joints,  thus  isolating  a  section  of 
track  on  which  accurate   and  reUable  measurements  could   be 
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made.  Fig.  2  shows  the  arrangement  of  the  apparatus  for  this 
test.  A  section  of  track  from  100  to  500  feet  in  length  is  isolated 
from  the  remainder  of  the  track  network  by  removing  the  bonds 
and  joint  plates  as  shown.  All  cross  bonds  between  this  test 
section  and  the  adjacent  track  must  also  be  cut.  A  battery  of 
three  or  four  dry  cells  is  connected  between  the  test  section  and 
the  remainder  of  the  track  network,  which,  being  of  great  extent, 
is  considered  as  a  remote  groimd  of  negligible  resistance.  A  low- 
reading  ammeter  and  a  voltmeter  give  the  leakage  current  and 
the  potential  difference  between  the  section  of  track  under  test 
and  the  remote  ground,  and  from  these  data  the  resistance  to 
earth  is  easily  and  accurately  calculated. 


-Cross  hands  -,  Bonds  and.  Joint  f>iate.s 
\    removed.  I 
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FiG.  2. — Method  of  viaking  roadbed  resistance  measurements  on  open  track  construction 

By  taking  a  length  of  track  several  hundred  feet  in  extent,  the 
effect  of  the  short  leakage  paths  at  the  ends  of  the  section  is  prac- 
tically eliminated. 

The  resistance  so  found  is  for  a  single-track  roadbed,  but  in  the 
open  type  of  construction  the  resistance  to  earth  is  concentrated 
largely  in  the  ties  and  therefore  the  resistance  of  double  track 
can  be  taken' as  one-half  that  of  single  track.  This  method  of 
measuring  roadbed  resistances  necessitates  working  at  night,  as 
does  the  differential  method,  since  it  usually  requires  several 
hours  to  remove  and  replace  the  bonds  and  joint  plates  on  four 
joints. 

Measurements  by  this  method  were  made  on  the  Cabin  John 
line  in  Washington  and  on  the  Washington,  Baltimore  &  Annapo- 
lis tracks  just  outside  the  District  of  Columbia.^  These  locations 
are  designated  as  (f)  and  (g),  respectively,  in  Table  i. 

2  These  measurements  were  made  possible  through  the  courteous  cooperation  of  C.  S.  Kimball,  engineer, 
maintenance  of  way,  Washington  Railway  &  Electric  Co. ,  and  E.  W.  Wemland,  enffineer,  maintenance  of 
way,  Washington,  Baltimore  &  Annapolis  Electric  Railroad  Co. 
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TABLE  1.— Electrical  Resistance  of  City  and  Suburban  Roadbeds 


DOUBLE  TRACK 


Location  and  kindot  road- 
bed 


Date  of  test 


Condition  ol  roadbed 


Aver- 
age 
poten- 
tial to 
eaitb 


Leak- 
age 
cur- 
rent 

Dis- 
tance 

Amprs. 

Feet 

12.2 

2900 

6.9 

2900 

7.88 

2900 

7.66 

3300 

2.85 

3750 

3.73 

2750 

9.0 

3000 

6.67 

2690 

6.31 

3050 

4.7 

1700 

3.12 

4100 

7.5 

6500 

4.14 

2360 

2.  1 

1140 

Resist- 
ance oi 

1000 
feet  o( 
track  to 

earth 


(a)  Gravel  ballast  to  head  of 
of  70-pound  T  rails;  much 
sand  and  earth  washed 


(b)  Same 

(c)  Crushed-rock  ballast  to 
head  of  80-pound  T  rails; 
Tarvia  finish. 


(d)  Same . 


(e)  Open  track;  crushed 
rock  to  base  of  80-pound  T 
rails;  frequent  crossings 
with  ballast  to  head  of 
rails. 


2-17-15 
2-26-15 
8-14-15 
4-  3-17 
4-  9-15 
4-17-15 
4-  6-15 
8-31-15 
4-  5-17 


4-  2-15 
4-  6-15 
8-31-15 
4-  5-17 


Wet 

....do 

....do 

Surface  dry;  ballast  moist 

Moist 

Moist;  no  rain  for  6  days... 

Wet 

....do 

Quite  dry;  no  rain  for  12 
days. 

Quite  dry;  no  rain  for  sev- 
eral days. 

Dry;  no  rain  for  weeks.. . 

Surface  dry;  ballast  wet.. 

....do 

Quite  dry;  no  rain  for  12 
days. 


Volts 
2.2 
1.3 
1.5 
2.1 
1.0 
1.5 
2.4 
1.8 
3.3 


3.8 
3.5 
3.8 
4,9 


Ohms 

0.522 
.547 
.552 
.902 

1.3 

1.1 
.8 
.72 

1.60 


5.07 
3.03 
2.17 
2.66 


SINGLE    TRACK 


(f)  Open  track;  cinder  bal- 
last from  4  inches  below 
ties  to  base  of  60-pound  T 
rails. 

(g)  Open  track;  deep  gravel 
ballast  to  base  of  80-pound 
T  rails. 


10-  2-15 
11-10-15 


J-25-I5 
11-12-15 


I 


Surface  moist;  ballast  wet. 
Dry;  no  rain  for  20  days. . . 

Surface  dry;  ballast  moist. 
Dry;  no  rain  for  22  days. . . 


6  8 

0.302 

361 

9.8 

.197 

361 

8.2 

.71 

462 

9.5 

.615 

462 

8.2 
18.0 


5.34 
7.14 


3.  RESULTS  OF  MEASUREMENTS  ON  CITY  AND  SUBURBAN  ROADBEDS 

In  Table  i  are  given  the  results  of  all  measurements  made  in 
and  near  the  District  of  Columbia  on  tracks  bearing  normal  traflBc. 
At  locations  (a) ,  (b) ,  (c) ,  (d) ,  and  (e)  measurements  were  made  by  the 
differential  method  previously  described,  and  at  locations  (f)  and  (g) 
the  isolation  method  was  employed.  Both  the  Wisconsin  Avenue 
line,  shown  in  locations  (a)  and  (b) ,  and  the  Chevy  Chase  line,  shown 
in  locations  (c) ,  (d) ,  and  (e) ,  run  close  to  the  Bureau  of  Standards 
and  offered  the  most  promising  conditions  for  investigation.  The 
Wisconsin  Avenue  tracks  are  maintained  on  one  side  of  the  avenue 
from  which  vehicular  traffic  is  excluded,  except  at  street  crossings. 
They  were  originally  ballasted  with  gravel  up  to  and  around  the 
base  of  the  rails  and  earth  was  filled  in  to  the  head  of  the  rails. 
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The  earth  has  so  washed  into  the  ballast,  however,  as  to  make 
the  roadbed  more  like  earth  than  gravel  as  far  as  its  electrical 
resistance  is  concerned.  In  many  places  the  earth  has  been  largely 
washed  away  and  the  rails  are  exposed  nearly  to  the  base.  For  the 
most  part,  however,  the  rails  are  well  embedded  in  gravel  and 
earth,  and  the  roadbed  can  be  considered  as  having  unusually  low 
resistance.  No  measurements  were  made  on  this  line  under 
extremelv  drv  conditions.  The  first  three  tests  were  made  with  the 
roadbed  very  wet  and  the  results  obtained  are  quite  low  and  agree 
closel}'.  The  resistance  of  about  0.5  ohm  for  loco  feet  of  double 
track,  as  shown  in  the  table,  is  about  half  of  that  found  at  the 
same  location  under  drier  conditions. 

The  Chevy  Chase  line  is  well  ballasted  with  crushed  rock  and  a 
portion  of  it  has  been  paved  to  the  head  of  the  rails  with  a  Tarvaa 
finish.  The  tracks  lie  in  the  center  of  Connecticut  Avenue  with 
vehicxilar  traffic  on  either  side.  The  finish  has  become  somewhat 
porous  and  much  of  the  rain  penetrates  to  the  ballast.  This  con- 
dition prevails  in  locations  (c)  and  (d).  At  location  (e)  the  pave- 
ment has  been  omitted  except  at  crossings.  The  ballast  is  clean,  as 
very  little  earth  or  foreign  matter  has  been  washed  into  the  road- 
bed. The  street  pavement  on  both  sides  of  the  track  prevents 
rain  from  draining  off  and  this  necessarily  soaks  into  the  roadbed. 
The  open  construction,  however,  permits  of  evaporation  from  the 
ties  and  ballast,  and  as  a  rule  this  roadbed  is  probably  drier  than 
that  portion  which  is  paved. 

The  resistance  of  the  paved  portion  varies  from  0.72  to  1.6  ohms 
for  1000  feet  of  double  track,  depending  upon  the  moisture  con- 
ditions. The  open  construction  has  a  much  higher  resistance, 
ranging  from  2.17  to  5.07  ohms,  or  about  four  times  that  of  the 
Wisconsin  Avenue  roadbed. 

The  Chevy  Chase  line  is  one  which  Ahlbom  investigated  in  191 1 
and  for  which  he  found  an  average  resistance  of  1.76  ohms  for 
1000  feet  of  double-track  roadbed.  As  part  of  this  line  is  open 
construction  and  part  paved,  a  direct  comparison  with  the  figures 
here  given  is  not  possible  although  the  results  obtained  by  the 
two  methods  are  seen  to  be  in  substantial  agreement. 

The  cinder  ballast  and  open  construction  of  the  Cabin  John  line 
offers  a  very  high  resistance  to  leakage  currents.  Two  tests  were 
made  under  different  moisture  conditions  which  gave  8.2  and  18.0 
ohms,  respectivel}',  for  1000  feet  of  single  track.  The  resistance 
to  earth  of  double  track  would  be  approximately  one-half  of  these 
figures. 
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Two  measurements  made  under  conditions  similar  to  those  ex- 
isting on  the  cinder  track  were  made  on  the  Washington,  Baltimore 
&  Annapolis  line,  which  is  ballasted  with  gravel.  It  is  seen  that 
the  gravel-ballasted  roadbed  has  about  one-half  the  resistance  of 
the  roadbed  with  cinder  ballast.  This  difference  can  not  be 
attributed  primarily  to  the  difference  in  resistivity  of  the  two 
kinds  of  ballast.  It  is  altogether  probable,  as  will  be  shown  by 
the  results  of  other  experiments,  that  the  character  of  the  ties  is 
a  most  important  factor  in  these  types  of  construction  and  is 
probably  responsible,  more  than  the  ballast,  for  the  observed 
difference  in  the  roadbed  resistances. 

IV.  EXPERIMENTAL  ROADBEDS 

Owing  to  the  difficulties  involved  in  making  resistance  measure- 
ments on  city  tracks  and  the  limited  number  of  types  available 

Tyjoe-A     Tyjoe-T     Type-B    Type-CType-D    Type-E     Type-Q 


t 

1— le'-^ 

Cil 

TjpeAT.  TypeAK  Type-BT  TypeR      TypzOT   "lype-EG  TypeEZ 

Fig.  3. — Arrangement  of  experimental  roadbeds 

for  such  tests,  it  was  decided  to  build  short  sections  of  a  number 
of  different  types  of  roadbeds  on  which  frequent  measurements 
could  be  made.  It  was  realized  that  such  roadbeds  might  exhibit 
quite  different  characteristics  from  similar  types  subjected  to  the 
action  of  traffic,  to  the  surface  drainage  from  city  streets,  and  to 
the  presence  of  salt  which  is  frequently  used  to  prevent  freezing. 
Such  roadbeds  would,  however,  permit  of  a  careful  study  of  the 
effect  of  moisture  and  temperature  and  would  also  enable  com- 
parative measurements  to  be  made  which  could  easily  be  checked 
by  similar  data  obtained  from  city  tracks  under  operation. 

1.  DESCRIPTION  OF  EXPERIMENTAL  ROADBEDS 

Fourteen  types  of  experimental  roadbeds  were  built  on  the 
Bureau  grounds  early  in  1915,  and  arranged  as  shown  in  Fig.  3. 
A  detailed  description  of  the  different  types  follows  and  a  con- 
densed description  is  given  in  Table  2.  Four  types  are  illustrated 
in  Fig.  4. 
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TABLE  2. — Condensed  Description  of  Experimental  Roadbeds 
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Type 

Ballast 

Ties 

Rails 

Surface 

Special  features 

A.  ... 

Concrete 

7  by  8  Inch  oak.  2- 

7-inch  girder.. 

Vitrified  pav- 
ing brick. 

loot  centers. 

AT.... 

do 

do 

do 

do 

Roadbed  Insulated 
with  tar  paper  and 
pitch. 

AA.... 

do 

do 

do 

do 

Roadbed  insulated 
with  tar  paper  and 
asphalt. 

B 

do 

Steel,  3-loot  centers 

do 

do 

BT.... 

do 

do 

do 

do 

Roadbed  Insulated 
with  tar  paper  and 
pitch. 

C    ... 

Crushed  rock 

7  by  8  inch  oak,  2- 
toot  centers. 

4-inch  T 

Tarvia         

D 

Earth  to  head  ot 

do 

do 

Earth 

rails. 

DT.... 

do 

do 

do 

do 

Ralls  Insulated  with 
pitch. 

E 

Earth  to  base  of 
rails. 

do 

do 

Open    con- 
struction. 

BC... 

do 

do 

do 

do 

Ties  treated  with  10 
pounds  creosote  per 
cubic  loot. 

EZ.... 

do 

do 

do 

do 

Ties    treated     with    i 

pound  zinc  chloride 

and  2  pounds  creo- 

sote per  cubic  foot. 

F 

Crushed  rock  and 

do 

7-inch  girder. . 

Vitrified   pav- 

concrete. 

ing  brick. 

G 

Crushed  stone  to 
head  oi  rail. 

do 

4-inch  T 

No  surfacing . . 

H 

Cinders 

do 

do 

Open  construc- 

tion. 

2.  TYPES  OF  EXPERIMENTAL  ROADBED 

Type  a  (See  Fig.  4). — Ballast. — Gravel  concrete,  1-4-S  mix- 
ture. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  on  2 -foot 
centers. 

Rails. — Seven-inch,  90-pound  girder,  4-inch  base. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Vitrified  paving  bricks  on  sand  cushion;  1-3  dry  mix 
between  bricks  and  rails;  1-3  thin  grout  swept  into  joints  after 
laying; 34" -inch  crown  between  rails. 

Type  at. — Same  as  Type  A  in  every  respect  with  base  insulated 
as  follows : 

Before  laying  the  concrete  a  layer  of  roofing  paper  was  spread 
over  the  entire  roadbed  and  at  the  sides  of  the  roadbed  excavation 
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to  the  street  level.  This  paper  was  then  covered  with  a  mixture 
of  75  per  cent  coal-tar  pitch  and  25  per  cent  coal  tar.  This  was 
applied  at  a  temperature  of  about  200°  F.  While  this  coat  was 
still  hot  a  second  layer  of  paper  was  appUed  and  then  a  second 
coat  of  tar  and  pitch. 

The  paper  used  was  a  soft  tar  paper  manufactured  by  the  Gen- 
eral Roofing  &  Manufacturing  Co.  and  purchased  as  a  15-pound 
felt.     The  tar  was  added  to  the  pitch  to  make  it  less  brittle. 

Type  AA. — Same  as  Type  AT  in  ever\-  respect,  except  that  as- 
phalt was  used  instead  of  tar  and  pitch. 

Type  B  (See  Fig.  4). — Ballast. — Gravel  concrete,  1-4-8  mixture. 

Ties. — Carnegie  steel  ties,  M25,  on  3-foot  centers. 

Rails. — Seven-inch,  90-pound  girder,  4-inch  base. 

Clips. — No.  23  tie  clips,  four  per  tie. 

Surface. — Same  as  for  Type  A. 

Type  BT. — Same  as  Tvpe  B  with  base  insulated  the  same  as  in 
Type  AT. 

Type  C  (See  Fig.  4) . — Ballast. — Crushed  rock  from  5  inches  below 
ties  to  within  2 finches  of  finished  surface,  tamped  and  covered 
with  sand. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  on  2-foot 
centers. 

Rails. — Four-inch  T. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Barrett  Manufacturing  Co.  specification  as  follows: 
Over  base  spread  2^2  inches  of  crushed  stone,  i  to  3  inches  in  size, 
and  drj-  roll  (tamped) .  Spread  i .  7  gallons  of  Tarvia  X  per  square 
yard  over  this  at  a  temperature  of  200  to  300°  F.  Cover  with  fine 
gravel,  not  larger  than  }4  inch  and  roll  (tamped).  Spread  evenly 
X  gallon  of  Tar\-ia  X  per  square  yard  and  finally  cover  with  sand 
for  a  wearing  surface. 

Type  D  (Earth  Roadbed)  . — Ballast. — Earth  to  head  of  rails. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  on  2-foot  centers. 

Rails. — Four-inch  T. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Earth. 

Type  DT. — Same  as  Type  D,  with  rails  coated  with  a  mixture 
of  75  per  cent  coal-tar  pitch  and  25  per  cent  coal  tar  to  make  the 
coating  less  brittle.     This  coating  was  applied  hot. 

Type  E  (Open  Construction')  . — Ballast. — Earth  to  base  of  rails. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  untreated,  on 
2 -foot  centers. 
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Rails. — Four-inch  T. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Open  consfxuction. 

Type  EC. — Same  as  Type  E,  but  with  ties  treated  by  the  Balti- 
more &  Ohio  Raib-oad  Co.  by  the  vacuum-pressure  treatment  with 
10  pounds  of  coal-tar  creosote  per  cubic  foot.  Treated  in  October, 
1914. 

Type  EZ. — Same  as  Type  E,  but  with  ties  treated  by  the  Balti- 
more &  Ohio  Railroad  Co.  by  the  "Card"  process  with  X  pound 
of  zinc  chloride  and  2  pounds  of  coal-tar  creosote  per  cubic  foot. 
Treated  December,  1914. 

Type  F  (See  Fig.  4). — Ballast. — Seven  inches  of  i  to  3  inch 
crushed  rock  supporting  7X  inches  of  gravel  concrete  1-4-8 
mixture. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  on  2-foot  centers. 

Rails. — Seven-inch,  90-pound  girder,  4-inch  base. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Same  as  for  Type  A. 

Type  G. — Ballast. — One  to  three  inches,  crushed  stone,  from  5 
inches  below  ties  to  head  of  rails,  9  feet  wide. 

Ties. — Seven  by  eight  inches  by  eight  feet  on  2-foot  centers. 

Rails. — Four-inch  T. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — No  surfacing. 

Type  H. — Ballast. — Cinders  from  5  inches  below  ties  to  base  of 
rails. 

Ties. — Seven  by  eight  inches  by  eight  feet,  oak,  on  2-foot  centers. 

Rails. — Four-inch  T. 

Spikes. — Six-inch,  driven,  four  per  tie. 

Surface. — Open  construction. 

In  selecting  these  several  types  of  roadbeds  an  attempt  was 
made  to  include  those  most  commonly  used  in  practice  as  well  as  to 
introduce  certain  modifications  in  the  way  of  insulating  materials 
which  it  was  thought  might  prove  of  practical  value  in  reducing 
stray  ciurents.  Ties  treated  with  several  different  kinds  of 
preservatives  were  also  used  in  order  to  determine  the  effect  of 
such  treatments  on  the  resistance  of  the  wood  and  the  leaching 
effect  of  the  weather  on  the  different  preservatives. 

Type  A,  illustrated  in  Fig.  4,  is  of  solid-concrete  construction 
with  brick  pavement  and  was  built  to  correspond  with  Type  D,  as 
recommended  in  191 4  by  the  way  committee  of  the  American 
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Electric  Railway  Engineering  Association.  Types  AT  and  AA 
are  of  the  same  construction  as  Type  A  but  with  insulating  layers 
laid  under  the  foundations  as  previously  described. 

Type  B,  shown  in  Fig.  4,  is  of  concrete-beam  construction  with 
steel  ties  and  corresponds  closely  with  Type  3  described  by  the  1 9 1 4 
committee.  Type  BT  is  the  same  as  Type  B,  but  insulated  as 
Type  AT. 

Type  C,  with  crushed-rock  ballast  and  Tarvia  finish,  is  practically 
a  duplication  of  the  Chevy  Chase  line,  which  has  already  been 
described. 

T\T)e  F,  shown  in  Fig.  4,  has  crushed  stone  under  the  ties 
instead  of  a  full-concrete  ballast.  Otherwise  it  is  the  same  as 
Type  A.  This  section  corresponds  to  Type  B  of  the  1914  recom- 
mendations and  is  the  most  popular  type  of  construction  for  city 
streets  as  shown  by  that  committee,  and  also  by  the  report  of 
an  investigation  conducted  by  the  United  Railways  &  Electric 
Co.,  of  Baltimore,  and  described  in  the  1915  report  of  the  way 
committee  of  the  American  Electric  Railway  Engineering  Asso- 
ciation. The  1 91 5  committee  also  recommended  this  type  of 
construction  for  a  standard  design.  The  resilience  offered  to  the 
track  by  this  type  of  ballast  as  compared  to  the  rigid  and  un- 
yielding feattires  of  the  full-concrete  type  is  largely  responsible 
for  the  favor  which  it  has  found  with  the  street  railway  engineers. 

3.  METHOD    OF    MAKING    RESISTANCE    MEASUREMENTS    ON    EXPERI- 
MENTAL ROADBEDS 

Each  type  of  experimental  track  was  constructed  with  a  con- 
tinuous 12-foot  section  of  roadbed  and  with  two  6-foot  sections 
of  rails,  as  shown  in  Fig.  3.  The  object  of  laying  the  rails  in  two 
sections  was  to  enable  independent  resistance  measurements  to 
be  made  on  the  two  longitudinal  halves  of  the  roadbed.  This 
really  permitted  of  foiu:  separate  measiu^ements  on  each  track 
through  the  four  6-foot  lengths  of  rails,  by  which  variations  and 
irregularities  which  might  occur  in  any  one  type  could  be  de- 
tected. Each  piece  of  rail  in  the  system  was  wired  to  a  common 
terminal  board  where  complete  switching  facilities  were  pro- 
vided, whereb}'  the  resistance  to  a  remote  ground  of  any  piece  of 
rail  or  any  full  or  half  section  of  track  could  be  accurately  and 
quickly  determined.  The  manner  of  making  the  measurements 
is  briefly  as  follows:  The  positive  terminal  of  a  10  or  12  volt 
battery  of  dry  cells  was  connected  to  a  mercury  bus  which  in 
turn  could  be  connected  to  any  or  all  rail  sections  in  parallel.  The 
110163°— 19 3 
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negative  terminal  of  the  battery  was  connected  to  a  senace  pipe 
and  thereby  to  the  entire  water-piping  system  of  the  city  of 
Washington.  The  resistance  of  the  circuit  thus  established  may 
be  said  to  include  the  leakage  resistance  between  the  tracks  and 
the  water-piping  system  and  the  resistance  of  the  service  pipe 
and  other  connections  between  the  negative  terminal  of  the 
batter}'  and  the  piping  system  as  a  whole.  This  latter  was  meas- 
ured by  several  different  methods  and  at  different  times,  and  was 
invariably  found  to  be  about  i  ohm,  a  figure  so  small  in  compari- 
son with  the  leakage  resistance  of  the  roadbeds  that  no  correction 
was  made  for  it  in  computing  the  latter.  A  voltmeter  was  con- 
nected across  the  terminals  of  the  battery,  and  a  milliammeter 
was  so  arranged  that  it  could  be  connected  in  series  with  a  part 
or  all  of  any  track  section  while  the  remainder  of  the  sections  in 
either  of  the  two  divisions  were  also  being  supplied  with  current 
from  the  positive  bus.  The  object  of  supplying  current  to  all 
sections  of  track  wliile  measurements  were  being  made  on  only  one 
section  was  to  prevent  end  leakage  from  the  section  under  test. 
Without  this  precaution  it  was  found  that  fictitious  results  would 
be  obtained  resulting  from  the  longitudinal  leakage  along  the 
tracks  across  the  short  gaps  between  adjacent  rails.  Repeated 
measurements  of  the  leakage  from  the  four  individual  rails  of 
the  various  sections  revealed  a  remarkable  degree  of  uniformity 
in  each  type,  and  only  the  unit  resisti\aty  of  each  type  has  there- 
fore been  recorded. 

Observations  were  made  of  the  polarizing  effect  resulting  from 
the  use  of  direct  current  and  this  was  found  to  increase  the  ap- 
parent resistance  of  the  roadbeds  about  5  per  cent  after  a  period 
of  I  minute  and  to  remain  nearly  constant  during  the  10  or  15 
minutes  required  for  a  complete  series  of  measurements.  This 
effect  was  found  to  increase  to  about  10  per  cent  in  an  hour  and  a 
half.  The  apparent  resistance  has  been  recorded  in  each  case 
and  no  attempt  made  to  correct  for  polarization.  The  small 
current  density  employed  is  apparently  responsible  for  the  ver}^ 
small  polarization  effect  obser\"ed,  as  intensified  laboratory  tests 
of  a  similar  character  on  iron  specimens  in  jars  exhibit  a  very 
much  more  marked  polarization. 

4.  RESULTS  OF  RESISTANCE  MEASUREMENTS  ON  EXPERIMENTAL  ROAD- 
BEDS 

(a)  Concrete  Ballast. — Resistance  measmements  were  first 
made  on  the  experimental  roadbeds  on  April  5,  19 15,  shortly  after 
their  completion,  and  were  repeated  at  irregular  intervals  for  a 
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period  of  about  three  3'ears.  A  summary  of  the  results  of  these 
measurements,  together  with  a  brief  description  of  the  condition 
of  the  roadbeds  with  respect  to  moisture  and  temperature,  is  given 
in  Table  3.  The  same  results  are  shown  graphically  in  Figs.  5,  6, 
and  7,  and  show  clearly  the  variations  due  to  weather  conditions 
as  well  as  those  due  to  the  ageing  of  the  tracks  and  roadbeds.  In 
Fig.  5  are  given  the  results  of  measurements  on  all  types  of  road- 
beds having  full-concrete  ballast.  It  is  seen  that  the  insulating 
materials  used  in  Types  AT,  AA,  and  BT  had  a  pronounced  effect 
in  increasing  the  resistance  diuring  the  first  few  months,  but  that 
after  a  period  of  three  years  the  difference  in  resistance  between 
the  insulated  and  uninsulated  types  was  so  small  as  not  to  justify 
the  use  of  such  materials  as  a  mitigative  measure.  Other  investi- 
gations of  the  Bureau  of  Standards  also  tend  to  show  that  prac- 
tically all  kinds  of  paints,  coatings,  and  insulating  compounds  of 
this  character  become  more  or  less  conducting  where  continually 
subjected  to  moisture,  and  in  the  course  of  time  partially  or  wholly 
lose  their  value  as  insulating  mediums. 

The  resistances  of  the  concrete  roadbeds  are  seen  to  be  very  low 
in  comparison  with  other  types  and  to  vary  only  moderately  with 
the  moisture  content  of  the  soil.  Frozen  ground,  however,  has  a 
very  marked  effect  on  all  types,  as  shown  by  the  tests  of  January 
13  and  February  14,  191 7.  On  the  former  date  the  ground  was 
frozen  to  a  depth  of  4  or  5  inches  and  on  the  latter  date,  after  an 
extended  period  of  cold  weather,  the  frost  had  penetrated  to  a 
much  greater  depth,  probably  12  inches  or  more.  Under  this 
condition  the  resistances  of  the  concrete  roadbeds  had  risen  to 
approximately  double  their  normal  values.  The  ageing  of  these 
roadbeds  seem  to  have  increased  their  resistances  slightly,  although 
this  is  not  definitely  established,  owing  to  the  limited  number  of 
measurements  made  during  the  last  year. 

There  is  practically  no  difference  in  resistance  between  the  steel 
and  wood  tie  construction  and  this  would  seem  to  indicate  that 
most  of  the  resistance  in  the  leakage  circuit  is'  to  be  found  between 
the  concrete  roadbed  and  the  ground  rather  than  between  the 
rails  and  the  surrounding  concrete.  It  follows,  therefore,  that  in 
city  streets  where  this  type  of  construction  is  employed,  the  greater 
extent  of  the  concrete-pavement  base  might  offer  even  less  resist- 
ance to  leakage  currents  than  these  experimental  roadbeds. 
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(b)  Crushed-Rock  Foundation. — Type  F,  with  a  crushed- 
rock  foundation,  is  seen  in  Fig.  6  to  have  from  two  to  tliree  times 
the  resistance  of  the  full-concrete  types.  This  is  an  additional 
advantage  which  this  type  of  construction  possesses  over  the  more 
rigid  and  more  expensive  type  emplopng  a  full-concrete  founda- 
tion. 

(c)  Earth  Ballast,  With  Rails  Insulated  and  Uninsu- 
lated.— The  effect  of  insulating  the  rails  themselves  with  a  coal- 
tar  coating  is  seen  in  the  results  of  measurements  on  Types  D  and 
DT,  Fig.  6.  While  the  resistance  of  the  insulated  type  is  about  50 
per  cent  greater  than  the  other,  it  is  doubtful  if  such  a  treatment 
would  prove  of  practical  value.  In  view  of  the  fact  that  the  rails 
of  Type  DT  were  effectively  coated  with  coal-tar  pitch,  it  is  quite 
fevident  that  most  of  the  leakage  from  these  rails  took  place 
through  the  spikes  into  the  ties  and  thence  to  the  surrounding 
earth.  This  assumption  is  verified  by  resistance  measurements 
made  on  dummy  spikes  which  were  driven  into  the  ties  of  Type 
DT  roadbed.  Four  spikes  were  driven  into  each  tie  close  to  the 
spikes  used  for  securing  the  rails  and  these  were  all  soldered  to  a 
wire  which  could  be  connected  to  the  positive  bus  at  the  terminal 
board.  It  was  found  that  the  leakage  through  these  spikes  was 
practically  the  same  as  that  from  the  rails,  and  it  is  therefore 
apparent  that  leakage  from  the  latter  took  place  almost  entirely 
through  the  spikes  and  to  no  appreciable  extent  directly  to  the 
adjacent  earth.  In  the  uninsulated  Type  D  about  two-thirds  of 
the  leakage  is  through  the  spikes  and  one-third  directly  from  the 
rails  to  the  earth.  If  some  practicable  means  of  insulating  the 
spikes  from  the  rails  could  be  devised,  the  problem  of  stray  cur- 
rents would  be  solved  to  a  large  degree  for  many  kinds  of  roadbed 
construction. 

(d)  Cinder  Ballast. — The  cinder  roadbed.  Type  H,  shown  in 
Fig.  6,  is  probably  not  typical,  owing  to  the  fact  that  soon  after 
its  completion  hea\'y  rains  occurred  which  washed  much  sand  and 
earth  into  the  basllast  and  up  around  the  base  of  the  rails.  This 
condition  is  probably  responsible  for  the  rapid  drop  in  the  resist- 
ance during  the  first  few  months.  It  is  difficult  to  account  for  the 
■wide  variations  which  occur  in  this  type  of  roadbed,  but  this  is 
characteristic,  though  to  a  less  degree,  of  all  types  of  open  con- 
struction, as  evidenced  in  Fig.  7.  Ties  exposed  to  sunshine,  frost, 
and  rain  vary  in  resistance  greatly,  while  those  embedded  in  the 
earth  or  in  concrete  are  not  appreciably  affected  by  seasonal  or 
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daily  changes.  Owing  to  the  poor  drainage  provided  for  Type  H 
roadbed  and  the  presence  of  much  fine  sand  and  earth  in  the  bal- 
last, the  results  obtained  on  the  Cabin  John  line  and  recorded  in 
Table  i  should  be  accepted  as  typical  of  this  kind  of  construction 
rather  than  those  for  the  experimental  track. 

(e)  Open  Construction  With  Treated  and  Untreated 
Ties. — In  Fig.  7  are  shown  the  results  of  measurements  on 
Types  E,  EC,  and  EZ  roadbeds,  all  of  the  same  open-type  con- 
struction but  with  differently  treated  ties.  These  roadbeds  are 
comparatively  well  drained  and  the  earth  has  been  kept  out  of 
contact  with  the  base  of  the  rails.  There  is  seen  to  be  but  little 
difference  between  the  untreated  ties  in  Type  E  and  those  of 
Type  EC  which  were  treated  with  about  10  poimds  of  creosote 
per  cubic  foot.  Both  have  an  average  resistance  of  about  4  ohms 
for  1000  feet  of  track,  which  is  much  higher  than  that  of  most 
of  the  roadbeds  employed  in  city  streets.  These  resistances  are 
somewhat  lower  than  those  found  for  the  Cabin  John  and  the 
Washington,  Baltimore  &  Annapolis  tracks,  owing  to  the  use  of 
earth  ballast  instead  of  the  more  highly  resistive  materials. 

The  effect  of  the  zinc-chloride  treatment  is  strikingly  shown  in 
the  record  of  tests  on  Type  EZ  roadbed.  During  the  first  year  the 
resistance  was  only  about  one-third  that  of  the  other  types,  but 
has  gradually  increased  until  after  three  years  the  effect  of  the 
treatment  has  almost  disappeared.  This  is  undoubtedly  due  to 
the  leaching  out  of  the  treating  material. 

Dummy  spikes  were  driven  in  the  ties  of  these  roadlieds,  as  in 
Type  DT,  and  by  measurements  on  them  it  was  found  that  prac- 
tically all  leakage  from  the  rails  takes  place  through  the  spikes 
and  little  if  any  directly  from  the  base  of  the  rails  into  the  ties. 

if)  Crushed-Rock  Ballast  With  and  Without  Pavement. — 
Type  C  roadbed,  shown  in  Fig.  7,  offers  the  highest  resistance  to 
leakage  currents  of  any  kind  of  roadbed  for  city  streets  that  we 
have  investigated.  The  clean  stone  and  nonporous  surface  em- 
ployed in  this  construction  is  responsible  for  "the  high  resistance, 
but  it  is  doubtful  if  such  a  condition  could  be  long  maintained  in 
city  streets  under  traffic  conditions.  The  incessant  pounding  of 
cars  on  the  tracks  loosens  the  bond  between  the  pavement  and  the 
rails  and  permits  the  entrance  of  moisture,  which  not  only  washes 
fine  materials  into  the  ballast,  but  saturates  the  roadbed.  The 
average  resistance  of  this  roadbed,  which  is  about  5  ohms  for 
1000  feet,  is  more  than  twice  that  of  the  Chevy  Case  line  of  similar 
construction.     The  cause  for  this  is  to  be  foimd  largely  in  the 
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foregoing  explanation.  It  should  be  noted  that  the  figures  for 
the  Chevy  Chase  hne  are  for  double  track  and  the  corresponding 
resistance  for  single  track  would  be  nearly  twice  as  great,  or, 
roughly,  2  ohms  for  1000  feet. 

Type  G  roadbed  made  with  crushed-rock  ballast,  but  no  paving, 
has  an  unusually  high  resistance,  as  shown  in  Table  3.  The  resist- 
ance has  diminished  considerably  with  time  due  to  the  earth  and 
sand  which  has  been  washed  into  the  roadbed.  The  figures  for 
this  piece  of  roadbed  show  what  might  be  accomplished  by  the 
use  of  a  well-drained  and  clean,  crushed-rock  or  gravel  ballast. 

(g)  Relative  Resistances  of  Double  and  Single  Road- 
beds.— No  direct  measurements  have  been  made  on  city  tracks  to 
determine  the  relative  resistance  of  single  and  double  track  road- 
beds. It  may  safely  be  assumed,  however,  that  where  high-resist- 
ance roadbeds  are  involved,  the  leakage  from  a  double  track  will 
be  nearly  twice  that  from  a  single  track.  With  concrete  or  earth 
ballast  and  other  types  of  low-resistance  roadbeds  where  a  large 
part  of  the  total  resistance  is  encountered  at  a  relatively  great 
distance  from  the  rails,  the  resistance  of  a  single-track  roadbed 
approaches  that  of  double-track  construction.  Tests  made  on  the 
two  divisions  of  the  experimental  tracks  show  that  the  leakage 
from  both  divisions  in  parallel  is  about  40  per  cent  greater  than 
that  from  either  division  alone.  All  types  of  constructions  were 
of  cotirse  involved  in  this  test,  but  as  about  80  per  cent  of  the  total 
leakage  took  place  from  the  concrete  roadbeds,  it  may  be  assumed 
that  these  types  dominated  the  results.  The  two  divisions  are 
1 8  feet  apart,  center  to  center,  which  is  much  more  than  the  usual 
spacing,  and  this  factor  tends  to  increase  the  leakage  from  the 
two  divisions  over  what  it  would  be  with  a  more  normal  spacing. 
We  may  safely  say,  therefore,  that  the  leakage  from  double-track 
construction  of  very  low  resistance  types  is  not  anything  like 
double  that  from  single  track,  and  may  be  in  some  cases  not  more 
than  25  per  cent  greater.  The  leakage  for  other  types  would 
range  from  25  per  cent  to  100  per  cent  more  for  double  than  for 
single  track,  depending  upon  the  character  of  the  roadbed. 

V.  RESISTANCE   MEASUREMENTS   ON  TREATED  AND 
,  UNTREATED  WOOD  TIES 

In  order  to  determine  the  effect  of  moisture  and  different  pre- 
servative treatments  on  the  resistance  of  wood  ties,  the  following 
six  specimens  were  selected  from  among  the  ties  obtained  for 
the  construction  of  the  experimental  roadbeds:  No.  i,  white  oak, 
untreated;  No.  2,  red  oak,  untreated;  No.  3,  chestnut,  untreated; 
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No.  4,  red  oak,  treated  by  the  Baltimore  &  Ohio  Railroad  Co.,  in 
October,  19 14,  with  10  pounds  of  coal-tar  creosote  per  cubic 
foot,  by  the  vacuum-pressure  treatment;  No.  5,  red  oak,  treated 
by  the  Baltimore  &  Ohio  Railroad  Co.,  in  December,  1914,  with 
one-half  pound  of  zinc  chloride  and  2  pounds  of  coal-tar  creosote 
per  cubic  foot,  by  the  Card  process;  and  No.  6,  red  oak,  treated  by 
the  Chicago,  Burlington  &  Quincy  Railroad  Co.,  with  about  one- 
half  pound  of  zinc  chloride  per  cubic  foot. 

These  ties  were  saturated  by  placing  them  in  shallow  vessels 
filled  with  water  to  a  depth  of  about  2  inches.  They  were  turned 
over  from  time  to  time  and  kept  covered  with  biu-lap  which  was 
wet  with  a  hose  daily.  After  two  weeks  of  this  treatment  they 
were  placed  indoors  and  their  weights  and  resistances  measured 
at  intervals  covering  a  period  of  three  years. 

Resistance  measurements  were  made  by  the  ammeter-volt- 
meter method  in  the  following  manner:  Two  iron  railroad  spikes 
were  driven  near  each  end  of  the  tie  to  act  as  current  terminals, 
these  being  5  '^  feet  apart.  Two  spikes  for  potential  terminals 
were  driven  9  inches  from  the  current  terminals,  or  4  feet  apart. 
Current  was  suppHed  from  a  260-volt  storage  battery  and  a  milli- 
ammeter  was  employed  to  measure  the  longitudinal  cmrent  flow 
through  the  tie.  The  fall  of  potential  between  the  potential 
terminals  was  measured  with  a  Paul  Unipivot  galvanometer  con- 
nected in  series  with  a  megohm  of  resistance.  With  this  arrange- 
ment the  error  due  to  the  contact  resistance  of  the  spikes  used 
for  potential  terminals  was  negligible,  except  for  the  last  measure- 
ment which  was  made  after  the  resistances  had  reached  extremely 
high  values  and  only  approximate  results  could  *  therefore  be 
obtained.  The  results  of  these  measurements  are  given  in  Table 
4  and  also  shown  graphically  in  Fig.  8.  The  per  cent  of  moisture 
as  calculated  in  each  case  is  based  on  the  assumption  that  the 
ties  were  dry  at  the  time  of  the  last  measurement.  The  form  of  the 
curves  indicates  that  this  assumption  is  practically  correct, 
although  it  is  of  coiu-se  impossible  to  extract  the  last  bit  of  mois- 
tm-e  from  wood  by  air  drying,  particularly  from  those  specimens 
which  were  treated  with  creosote. 

From  this  series  of  tests  it  appears  that  moisture  in  excess  of 
20  or  25  per  cent  has  little  effect  in  reducing  the  electrical  resist- 
ance of  wood,  while  with  less  than  about  10  per  cent  of  moisture 
the  resistance  increases  rapidly.  Chestnut  wood  dries  out  in  the 
air  more  readily  than  oak  and  therefore  has  a  higher  resistance 
for  a  given  time  of  air  drying.  For  the  same  moisture  content, 
however,  its  electrical  properties  are  about  the  same  as  oak. 
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Creosoting  tends  to  retain  what  moisture  is  within  the  wood  and 
to  retard  the  drying-out  process,  but  otherwise  has  httle  effect 
upon  its  electrical  resistance.  Tie  No.  5,  which  was  treated  with 
both  creosote  and  zinc  chloride,  exhibited  a  very  low  resistance, 
much  lower  than  No.  6,  which  contained  zinc  chloride  only.  The 
history  of  No.  6  is  not  well  known,  and  it  is  altogether  probable 
that  much  of  the  zinc  chloride  had  leached  out  in  the  weather 
before  the  test  was  started.  In  the  Card  process,  the  effect  of  the 
creosote  is  to  hold  the  zinc  chloride  as  well  as  the  moisture,  and  it 
is  no  doubt  this  condition  which  is  responsible  for  the  very  low 
resistance  of  No.  5.  These  ties  are  from  the  same  groups  as  those 
used  in  Types  EC  and  EZ  of  the  experimental  roadbeds. 

Ties  embedded  in  the  earth  or  in  paved  city  streets  would 
probably  retain  moisture  in  excess  of  20  per  cent  throughout  the 
year  and  therefore  would  not  change  their  resistance  materially 
with  seasonable  changes.  On  the  other  hand,  in  open  construction 
the  moisture  content,  and  therefore  the  resistance,  would  vary 
through  wide  Umits. 

VI.  RESISTANCE  OF  STEAM  RAILWAY  ROADBEDS^ 
1.  ARRANGEMENTS  FOR  JOINT  INVESTIGATION 

In  September,  191 5,  an  agreement  was  entered  into  between  the 
Forest  Products  Laboratory  at  Madison,  Wis.,  and  the  Chicago, 
Milwaukee  &  St.  Paul  Railway  Co.,  whereby  ties  treated  by  the 
Forest  Products  Laboratory  with  different  kinds  of  preservatives 
were  to  be  installed  in  the  railway  company's  tracks  in  or  near 
Madison  and  records  kept  of  the  performance  of  the  different 
treatments. 

The  Bureau  of  Standards  learned  that  such  tests  were  contem- 
plated and  suggested  to  the  Forest  Products  Laboratory  that 
arrangements  be  made  to  include  in  the  tests  electrical  resistance 
measurements  of  the  different  roadbeds.  With  the  concurrence 
of  the  Forest  Products  Laboratory  and  the  railway  company  in  this 
matter  provision  was  made  for  such  measurements,  and  accordingly 
the  railway  company  electrically  isolated  7  test  sections  from  each 
other  by  bonding  all  rail  joints  in  each  section  and  installing 
insulated  joints  between  the  several  sections. 

2.  DESCRIPTION  OF  TEST  TRACKS 

The  test  tracks  were  installed  on  the  Chicago,  Milwaukee  &  St. 
Paul  Railway  near  the  Fair  Grounds  at  Madison,  in  November, 
1916.     The  track  is  on  sandy-gravel  ballast  with  75-pound  rail 

"  Measurements  made  in  collaboration  with  U.  S.  Forest  Products  Laboratory'  of  Madison,  Wis. 
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laid  with  opposite  joints  and  6}4  by  8J2  inch  IlHnois  Steel  Co.  No. 
464  tie-plates,  single  spiked  with  ordinary  rs^-inch  cut  spikes. 
Bonzano  rail  joints  without  tie-plates  were  used  except  at  the  ends 
of  each  section,  where  insulated  joints  were  necessary.  The  insu- 
lated joints  were  simply  angle  bars  with  insulating  material 
between  them  and  the  rails  and  between  the  ends  of  the  rails. 
Each  section  was  165  feet  in  length  and  contained  100  ties.  The 
rails  for  the  most  part  were  out  of  contact  with  the  ballast.  The 
arrangement  and  a  brief  description  of  the  several  sections  are 
given  in  Fig.  9,  and  a  more  detailed  description  of  the  different 
treatments  follows: 

Section  i.— Red-oak  ties,  treated  at  a  commercial  plant  with 
0.55  pound  of  zinc  chloride  per  cubic  foot.  A  4  per  cent  solution 
of  the  preservative  at  a  temperature  of  150°  F  was  used  under  a 
presstue  not  stated  for  five  hours.     No  initial  or  final  vacuum  was 
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Fig.  g. — Anatigemeni  of  test  tracks  on  C,  M.  &  St.  P.  Ry.  at  Madison,  Wis. 

drawn.  The  ties  were  seasoned  one  year  before  and  one  year 
after  the  treatment. 

Section  2. — The  same  as  section  i,  except  that  the  ties  had 
been  soaked  in  the  lake  for  26  hours  and  scrubbed  with  a  broom 
before  lajdng. 

Section  3. — Red-oak  ties  treated  by  the  Forest  Products 
Laboratory  with  a  mixture  of  25  per  cent  creosote  and  75  per  cent 
gas  oil,  with  an  average  absorption  of  about  10  pounds  per  cubic 
foot.  The  ties  were  seasoned  for  18  months  before  and  6  months 
after  treatment.  The  oil  was  a  parafine-base  crude  oil  from  which 
the  gasoHne  and  other  volatile  oils  had  been  removed  by  distilla- 
tion. This  oil  was  obtained  from  the  stock  of  the  local  gas  com- 
pany, which  uses  it  in  the  manufacture  of  water  gas. 

Section  4. — The  same  as  section  3,  except  that  a  mixture  of 
10  per  cent  creosote  and  90  per  cent  of  gas  oil  was  used. 

Section  5. — White-oak  ties,  untreated. 


34  Technologic  Papers  of  the  Bureau  of  Standards 

Section  6.— Ties  of  various  species  which  had  been  in  place  for 
several  years. 

Section  7. — Red-oak  ties  treated  by  the  Forest  Products 
Laboratory  with  0.5 1 5  pound  of  sodium  fluoride  per  cubic  foot.  A 
3.35  per  cent  solution  of  the  preservative  and  a  temperattn^e  of 
about  1 50°  F  were  used,  with  a  maximum  pressure  of  1 50  pounds 
per  square  inch.  The  treatment  consisted  of  a  preliminary 
vacuum  of  i  hour  followed  by  a  pressure  period  of  approximately  3 
to  6  hours,  with  a  1 5-minute  final  vacuum.  The  ties  were  seasoned 
about  I  year  before  and  2^^  months  after  treatment. 

3.  METHODS  OF  MAKING  RESISTANCE  MEASUREMENTS 

Neither  the  differential  nor  the  isolation  method  as  previously 
described  were  suitable  for  making  resistance  meastnements  on 
the  steam-railroad  test  tracks.  No  water-piping  system  was 
available  for  an  earth  connection  and  the  track  network,  not 
being  bonded,  could  not  well  be  employed  for  this  purpose.  It 
therefore  became  necessary  to  either  establish  an  artificial  ground 
or  to  make  a  series  of  measurements  between  the  various  test 
sections  from  which  the  resistance  to  earth  of  each  section  could 
be  computed.  This  latter  method  was  selected  as  being  the  more 
desirable  and  measurements  were  accordingly  made  in  the  fol- 
lowing manner: 

A  battery  of  four  dry  cells  was  connected  between  two  remote 
sections  of  the  test  tracks  and  the  current  flow  and  voltage 
observed.  This  was  repeated  for  various  pairs  of  sections  accord- 
ing to  the  following  schedule:  Between  sections  i  and  5,  2  and  5, 
3  and  5,  4  and  5,  4  and  6,  i  and  4,  and  4  and  7. 

From  the  results  of  this  series  of  measurements  it  was  possible 
to  set  up  a  number  of  equations,  the  simultaneous  solution  of 
which  gave  the  resistance  of  each  section  to  earth.  Fig.  10  shows 
the  apparatus  used  in  making  these  tests.  The  first  set  of  meas- 
urements was  made  by  a  representative  of  the  Bureau  of  Standards, 
assisted  by  members  of  the  Forest  Products  Laboratory  staff. 
All  subsequent  tests  were  made  by  the  Forest  Products  Laboratory 
and  the  results  sent  to  the  Bureau  of  Standards. 
4.  RESULTS  OF  MEASUREMENTS 

After  the  first  two  series  of  measurements  were  made  it  was 
decided  to  record  the  resistance  between  the  rails  of  each  section, 
as  such  measurements  would  act  as  a  check  on  the  others  and 
would  be  of  particular  value  to  signal  engineers,  who  are  more 
concerned  with  the  leakage  between  rails  than  with  the  leakage  to 
earth.     The  results  of  measurements  taken  over  a  period  of  about 
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Fig.   io. — Dry-cell  battery  and  instruments  used  in  making  resistance  measurements 
of  sleani-railway  roadbeds 
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16  months  are  giveu  in  Table  5.  The  resistances  are  calculated 
for  a  single  track  having  500  ties,  which  corresponds  to  1000  feet 
of  track  with  2-foot  spacing  of  the  ties.  As  the  ties  in  these  test 
sections  are  spaced  about  20  inches,  center  to  center,  the  figures 
in  the  table  are  for  825  feet  of  track.  It  should  be  noted  that  on 
open  construction  such  as  that  employed  in  these  tracks  the 
leakage  currents  would  be  proportional  to  the  number  of  ties  or 
spikes,  while  in  paved  streets  this  would  not  be  strictly  true. , 

Although  the  measurements  indicate  considerable  variation  in 
the  resistances  of  the  several  roadbeds,  due  to  changing  weather 
conditions  and  maintenance  work  on  the  tracks,  the  results  are  in 
substantial  agreement  with  those  obtained  by  laboratory  and  field 
tests  at  the  Bureau  of  Standards.  Sections  i  and  2,  in  which  ties 
treated  with  zinc  chloride  were  used,  are  seen  to  have  a  much 
lower  resistance  than  the  sections  employing  untreated  ties  or  ties 
treated  with  oil  and  creosote.  There  is  little  difiference  between 
these  two  sections.  The  one  in  which  the  scrubbed  ties  were  used 
shows  a  slightly  higher  resistance  than  the  other,  as  would  be 
expected.  The  leaching-out  process  is  a  slow  one  and  requires 
more  than  a  single  washing.  Only  two  measirrements  were  made 
on  section  7,  employing  ties  treated  with  sodium  fluoride,  but  they 
indicate  that  this  treatment  has  about  the  same  effect  on  the  resist- 
ance as  zinc  chloride.  The  average  resistance  of  these  roadbeds  is 
only  a  little  greater  than  that  found  for  Type  EZ  roadbed  where  ties 
treated  with  zinc  chloride  were  also  used.  The  higher  values  are 
probably  due  to  the  gravel  ballast  employed  on  the  Madison  road- 
beds as  against  the  earth  ballast  used  at  the  Bureau  of  Standards. 

In  the  records  of  sections  3  and  4  the  effect  of  the  gas-oil  treat- 
ment is  strikingly  shown.  The  resistance  of  both  sections  are 
much  higher  than  those  with  untreated  ties,  or  than  Section  EC 
at  the  Bureau  of  Standards  for  which  a  straight  creosote  treatment 
was  used.  It  is  unfortunate  that  a  more  direct  comparison  be- 
tween these  two  kinds  of  treatment  was  not  possible.  In  section  3, 
75  per  cent,  and  in  section  4,  90  per  cent  of  the  treating  material 
was  gas  oil.  The  resistances  of  the  two  sections  are  about  the  same. 
It  appears  that  the  oil  is  more  effective  than  straight  creosote  in 
excluding  moisture  from  the  ties,  and  therefore  in  rendering  them 
better  insulators.  However,  in  view  of  the  fact  that  the  two  lots 
of  material  were  obtained  from  entirely  different  sources  and  placed 
in  roadbeds  under  quite  different  conditions,  it  is  impossible  to 
make  a  reliable  comparison.  The  oil  treatment  may  offer  some 
possibilities  in  the  way  of  reducing  leakage  currents  and  may  prove 
just  as  effective  as  creosote  in  preserving  the  wood  against  decay. 
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The  resistances  of  sections  5  and  6,  in  which  new  and  old  un- 
treated ties  were  used,  respectively,  are  about  twice  that  found 
for  the  roadbeds  with  chemically  treated  ties  and  about  one-half 
that  found  for  tracks  with  oil-treated  ties.  They  agree  closely 
with  the  measurements  on  Type-E  roadbed  at  the  Bureau  of 
Standards,  as  shown  in  Table  3,  and  with  those  on  the  Washington, 
Baltimore  &  AnnapoUs  tracks,  as  shown  in  location  (g) ,  Table  i . 

The  resistance  between  the  two  rails  of  each  track  will  be  of 
particular  interest  to  signal  engineers.  For  the  sections  meas- 
ured it  is  from  two  to  three  times  as  great  as  the  corresponding 
resistances  to  earth. 

VII.  CONCLUSIONS 

While  an  accirrate  interpretation  of  the  foregoing  results  is  not 
always  possible,  owing  to  many  questionable  elements  such  as 
weather  and  roadbed  conditions  and  the  properties  of  materials, 
the  following  general  conclusions  may  be  drawn : 

1.  Roadbeds  constructed  with  soUd-concrete  ballast  and  vitri- 
fied brick,  or  other  nonporous  pavements,  have  a  low  leakage 
resistance  to  earth,  which  is  affected  only  moderately  by  seasonal 
and  weather  changes.  There  is  little  difference  between  wood  and 
steel  ties  in  their  effects  on  the  resistance  of  roadbeds  of  this  kind. 
Insulating  layers  of  bituminous  materials  are  not  of  practical  value 
in  reducing  leakage  currents  from  such  roadbeds.  The  resistance 
of  1000  feet  of  single  roadbed  of  this  type  is  from  0.2  to  0.5  ohm 
under  ordinary  conditions,  but  may  be  double  or  treble  these 
values  when  the  ballast  is  frozen  to  a  depth  of  i  foot  or  more.  For 
double  roadbed  of  this  type  the  resistance  is  approximately  70  per 
cent  of  that  for  single  roadbed,  or  the  leakage  from  double  track 
would  be  about  40  to  50  per  cent  greater  than  from  single  track. 

2.  Roadbeds  constructed  with  a  foundation  of  clean,  crushed 
stone  under  a  concrete  paving  base  have  a  much  higher  resistance 
than  roadbeds  with  a  solid-concrete  ballast.  In  the  case  of  the 
experimental  roadbeds  the  ratio  was  foimd  to  be  about  3  to  i . 

3.  Roadbeds  with  a  full  crushed-stone  ballast  and  a  Tarvia  finish 
have  a  very  high  leakage  resistance,  which  is  of  the  order  of  2  to 
5  ohms  for  1000  feet  of  single  track.  The  leakage  from  a  double 
roadbed  of  this  type  and  other  high  resistance  types  is  from  80 
to  100  per  cent  greater  than  from  single  roadbeds. 

4.  The  resistance  of  earth  roadbeds  in  which  the  ties  are  em- 
bedded, and  therefore  kept  in  a  moist  condition,  is  much  lower 
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than  that  of  open-construction  roadbeds,  being  from  1  to  1.5  ohms 
for  1000  feet  of  single  track  mider  normal  conditions  and  consid- 
erably more  when  the  gromid  is  frozen. 

5.  The  resistance  of  roadbeds  of  open  construction  is  subject  to 
vdde  variations,  depending  on  the  condition  of  the  ties  and  ballast. 
In  verj^  drj-  weather  with  good  ballast  the  resistance  will  be  10  to 
15  ohms,  and  even  more  for  1000  feet  of  single  track,  but  when 
wet  will  drop  to  from  3  to  5  ohms.  Cinders,  gravel,  and  particu- 
larly crushed  stone,  when  used  as  ballast  in  open-track  construc- 
tion, produce  ver\'  high  resistance  roadbeds.  Earth  has  a  tendency 
to  keep  the  ties  moist  and  therefore  increases  the  leakage. 

6.  Open-construction  track  is  often  considered  as  being  insu- 
lated from  the  earth,  but  this  is  not  strictly  true,  even  though  the 
leakage  may  not  be  in  harmful  amounts  when  compared  with  other 
types  of  construction.  Assuming  a  potential  difference  between  a 
track  and  the  earth  of  5  volts  and  a  leakage  resistance  of  10  ohms 
per  1000  feet  of  single  roadbed,  the  total  leakage  per  mile  of  track 
would  be  2.64  amperes.  This  small  leakage  current  would  not 
ordinarily  be  harmful  to  underground  structures  in  the  \'icinity  of 
the  track. 

7.  Zinc  chloride  and  other  chemical  salts  used  as  preservatives 
render  ties  highly  conducting  and  greatly  increase  leakage  cur- 
rents from  tracks.  Unless  combined  with  some  other  material, 
such  as  creosote,  these  salts  gradually  leach  out,  particularly  in 
damp  cHmates,  and  eventually  their  influence  on  the  resistance  of 
roadbeds  disappears.  Creosote  has  xexy  little  effect  upon  the 
resistance  of  wood  ties,  but  a  treating  material  consisting  of  75 
per  cent  gas  oil  and  25  per  cent  creosote  appears  to  increase  their 
resistance  materially.  No  direct  comparison,  however,  was  made 
between  these  two  treatments.  Open-track  construction  on  which 
ties  treated  in  this  manner  were  employed  had  a  leakage  resistance 
about  twice  as  great  as  similar  roadbeds  with  untreated  ties  and 
about  four  times  as  great  as  roadbeds  with  chemically  treated  ties. 

SUGGESTIONS  REGARDING  ROADBED  CONSTRUCTION 

Electric  railway  companies  can  do  much  toward  reducing  leakage 
currents  from  their  tracks  by  observing  tlie  following  suggestions 
regarding  roadbed  construction : 

1 .  Solid-concrete  ballast  shotdd  be  abandoned,  and  clean  crushed 
stone  should  be  used  as  a  foundation  under  ties.  This  type  of 
construction  is  approved  by  the  American  Electric  Railway  Asso- 
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ciation,  as  it  gives  greater  resiliency  to  the  track  and  is  cheaper 
than  the  full  concrete  ballast. 

2.  Where  crushed  stone  or  gravel  is  used  it  should  be  kept  clean 
b)'^  proper  coverings  or  pavements.  If  earth,  sand,  or  street  dirt 
is  permitted  to  filter  into  ballast  of  this  character,  its  function  as 
an  insulating  material  is  greatly  impaired. 

3.  Salt,  which  is  often  used  to  prevent  frogs  and  switches  from 
freezing,  will  greatly  reduce  the  resistance  of  roadbeds  and  should 
be  avoided  if  possible. 

4.  In  open  construction  rails  should  be  kept  out  of  contact  with 
the  earth.  The  roadbed  should  be  well  drained  to  prevent  fine 
material  from  washing  into  the  ballast  and  to  keep  the  ties  as  dry 
as  possible.  Vegetation  should  be  kept  down,  as  this  tends  to 
make  the  roadbed  moist  and  to  fill  the  ballast  with  foreign  material. 

5.  Zinc  chloride  and  similar  chemical  preservatives  should  be 
avoided  where  the  escape  of  stray  currents  is  objectionable  or 
where  block  signals  are  used.  A  treating  mixture  of  creosote  and 
gas  oil  improves  the  insulating  properties  of  wood  ties. 

Washington,  January  15,  191 9. 
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I.  INTRODUCTION 

The  action  of  sunlight  upon  a  balloon  affects  both  the  tempera- 
ture and  the  Ufe  of  the  fabric  of  which  the  balloon  envelope  is 
constructed,  and  the  resulting  temperatiu'e  changes  affect  both 
the  operation  of  the  balloon  and  its  gas  permeability.  It  is  a 
matter  of  interest  as  well  as  importance,  therefore,  to  understand 
the  character  and  magnitude  of  these  effects  so  that  they  may  be 
intelligently  controlled.  Sunlight  affects  the  operation  of  the 
balloon  because  changes  in  its  character  and  amount  cause  fluctua- 
tions in  the  temperatiure  of  the  balloon  envelope  and  consequently 
in  the  temperatiu-e  and  lifting  power  of  the  gas  contained  in  it. 
The  reduction  of  such  changes  to  a  minimum  makes  for  stability 
and  efficiency  in  the  operation  of  the  balloon.  The  radiation 
characteristics  will  be  discussed  first,  therefore,  from  the  stand- 
point of  their  effect  upon  temperature  rise. 

3 


4  Technologic  Papers  of  the  Bureau  of  Standards 

The  other  effect  of  the  sunlight,  that  of  its  photo-chemical 
action  upon  the  fabric,  results  in  decreasing  the  strength  of  the 
fabric  and  causing  deterioration  of  the  rubber.  This  eventually 
results  in  increasing  the  porosity  of  the  fabric  to  an  inadmissible 
extent.  The  increase  in  temperature  of  the  fabric  caused  by  the 
radiation  absorbed  also  increases  its  permeability  as  will  be 
explained  later. 

The  nature  of  these  effects,  their  measurement  and  their  appli- 
cation to  practical  aeronautics,  will  be  discussed  in  the  following 
sections.  The  treatment  of  the  subject  has  been  simplified  for  the 
benefit  of  those  readers  who  are  not  conversant  with  the  physics 
of  the  problem. 

II.  SOLAR  RADIATION 

Before  discussing  its  relation  to  aeronautics  a  short  summary 
of  the  characteristics  of  solar  radiation,  which  are  essential  to  an 
understanding  of  the  problem,  is  included  for  the  reader's  con- 
venience. It  is  customary  to  classify  solar  radiation  qualitatively 
into  three  groups,  ultra-\-iolet,  visible,  and  infra-red  radiation, 
depending  on  its  constituent  wave  lengths.  The  \-isible  part  of 
the  spectrum  is  comprised  approximately  between  the  wave 
lengths  0.40JU  to  0.72JU  (^  =  0.001  mm);  radiation  of  wave  lengths 
less  than  those  of  the  visible  violet  is  termed  ultra-violet;  radiation 
of  wave  lengths  greater  than  those  of  the  visible  red  is  termed 
infra-red. 

The  intensity  of  the  radiant  energy  from  the  sun  varies  in  different 
parts  of  the  spectrum.  It  is  a  maximum  in  the  blue-green, 
decreases  rapidly  toward  the  red  and  still  more  rapidly  toward 
violet.  Curve  A  in  Fig.  i  shows  graphically  the  general  distri- 
bution of  energy  in  the  solar  spectrum  before  entering  the  earth's 
atmosphere.  Inside  of  the  atmosphere  both  the  total  intensity 
and  the  relative  spectral  distribution  are  changed  owing  to  diffuse 
reflection  and  absorption  by  the  atmospheric  gases,  water  vapor, 
and  dust  particles. 

Neglecting  the  narrow  absorption  bands  which  cause  the  curve 
to  appear  saw-toothed,  the  general  energy  distribution  as  observed 
on  Mount  Whitney  (altitude  4420  m)  is  shown  by  curve  B,  on 
Mount  Wilson  (altitude  1 730  m)  by  ctirve  C,  and  at  Washington, 
D.  C,  by  curve  D.  Further  discussion  of  the  causes  of  these 
effects  can  be  foimd  in  the  excellent  literature  on  the  subject,  but 
it  is  worth  noting  here  that  the  shorter  wave  lengths  are  absorbed 
most  by  the  passage  through  the  atmosphere,  and   the    longer 
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wave  lengths  are  absorbed  least.  This  causes  an  effective  shift 
of  the  region  of  maximum  intensity  toward  the  red  and  a  diminu- 
tion of  the  ultra-violet  radiation  to  a  very  small  value  at  the  earth's 
surface.  The  curves  drawn  in  soHd  lines  in  Fig.  i  are  for  the  sun 
at  the  zenith.  With  the  sun  at  any  other  point  than  the  zenith, 
the  air  path  through  which  the  radiation  must  travel  is  increased 
and  the  radiation  suffers  a  further  loss  of  intensity.  Cur\'es  E 
and  F  show  the  relative  intensity  at  Washington  when  the  sun  is 
at  angles  of  60°  and  70°,  respectively,  from  the  zenith. 
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A,  Outside  earth's  atmosphere;  B,  on  Mount  \^Tiitney  (altitude,  14500  feet);  C,  on  Mount  Wilson  (alti- 
tude, 5680  feet);  D,  Washington,  D,  C.  (sun  at  zenith);  E,  Washington,  D.  C.  (sun  at  60*  from  zenith); 
and  F,  Washington,  D.  C.  (sun  at  70"  froni  zenith).    Data  obtained  from  Smithsonian  Physical  Tables. 

These  curves  refer  only  to  the  relative  intensity  of  the  solar 
radiation,  but  in  order  to  correlate  the  temperature  of  a  body 
with  the  radiation  falling  on  it,  it  is  necessary  to  know  in  absolute 
measure  the  intensity  of  the  radiation.  The  rate  at  which  radiant 
solar  energy  would  be  received  at  the  earth,  provided  there  were 
no  atmospheric  absorption,  has  been  the  subject  of  much  investi- 
gation in  recent  years.  The  evidence  indicates  that  the  solar 
constant  (C„),  as  this  rate  is  called,  is  subject  to  periodic  varia- 
tions of  about  7  per  cent,  but  when  the  earth  is  at  mean  solar 
distance  the  average  value  is : 

Co  =  1 .93  g  cal.  per  cm^  per  minute 

=  3.22  X  10"^  g  cal.  per  cm^  per  second 

=  1.34  X  10'^  watts  per  cm^ 
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Owing  to  the  absorption  and  diffusion  b}'  the  atmosphere  as 
mentioned  above,  this  value  is  considerably  reduced  at  points 
inside  the  atmosphere.  The  following  values  have  been  observed 
under  favorable  conditions  at  the  points  named : 

Estimated  for  no  atmosphere Co=  i.  93 

Mount  Whitney  (4420m) C  =1.  78 

Mount  Wilson  (1730m) =1.  64 

Wasjington =i-  35 

These  values  are  not  maximum  values,  but  are  representative 
of  clear,  dry,  summer  days.  A  value  of  1.51  has  been  obser\'ed  at 
Washington. 

It  is  e^^de^t  that  for  any  given  time  the  value  of  C  at  different 
altitudes  could  be  represented  by  a  cur\-e.  Such  a  curv^e  is 
shown  in  the  first  part  of  Fig.  2.  Two  cur\'es  are  shown;  one 
gives  the  values  at  noon,  the  other  at  approximately  8  a.  m.  or  4 
p.  m.  Both  curves  are  computed  for  a  Jul}-  day  with  sky  cloud- 
less, of  average  clearness  and  with  an  average  amount  of  water 
vapor  and  dust  present.  At  earHer  or  later  hours  than  8  a.  m. 
and  4  p.  m.,  respectively,  the  intensity  decreases  very  rapidly; 
between  those  hours  the  solar  intensity  for  any  given  altitude 
will  be  fomid  between  the  two  curs-es.  Accordingh'  the  solar 
intensity  will  usually  either  be  within  the  limits  set  by  the  two 
curs'es  or  be  negligible.  The  data  on  the  solar  constant  have 
been  ftimished  us  through  the  courtesy  of  the  authorities  of  the 
Smithsonian  Institution,  to  whom  our  acknowledgments  are  due. 

Ill,  ATMOSPHERIC  CONDITIONS 

The  effect  of  air  pressiu-e,  temperatiu^e,  and  wind  velocity  upon 
the  temperatiu'e  rise  and  operation  of  balloons  makes  it  also 
important  to  have  a  knowledge  of  the  variation  of  these  factors 
with  change  in  altitude.  There  are,  of  course,  certain  day-to-day 
and  seasonal  variations  in  these  conditions  and  they  also  vary 
from  place  to  place,  but  the  average  conditions  show  remarkable 
uniformitv.  The  values  shown  in  Fig.  2  represent  average  con- 
ditions in  latitudes  35°  to  40°.  The  values  of  air  temperature 
were  taken  from  published  observations  of  measurements  with 
sounding  balloons  at  Munich,  Strasbourg,  Trappes  (near  Paris), 
and  Uccle  (near  Brussels).  It  will  be  noted  that  the  average 
temperature  gradient  for  summer  and  winter  is  approximately 
the  same.  The  dotted  line  shows  the  maximum  temperatures 
obser\'ed  through  the  summer  months;  they  have  very  Uttle 
effect,  however,  in  changing  the  average  temperature  gradient, 
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and  usually  diurnal  changes  are  not  found  above  2000  ni.     For  a 
more  detailed  dscussion  of  this  subject,  the  reader  is  referred  to 
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the  series  of  papers  by  W.  J.  Humphreys,  of  the  Weather  Biu-eau, 
as  published  in  the  Jotunal  of  the  Franklin  Institute.^     The  data 


ij.  Franklm  Institute,  184,  p.  167;  1917. 
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on  barometric  pressure  and  wind  velocity  shown  in  Fig.  2  were 
also  ftimished  by  the  Weather  Biu-eau,  to  which  acknowledgment 
is  made  for  the  use  of  this  material.  No  reliable  data  on  the 
variation  of  wind  velocity  with  altitude  above  5  km  are  available, 
but  above  this  elevation  the  velocity  is  known  to  bear  a  definite 
relation  to  the  decreasing  densit}',  which  relation  is  known  as 
Egnell's  law.^ 

Density  X  Velocity  =  Constant 

These  observations  on  wind  velocity  were  made  in  Nebraska  and 
are  characteristic  of  the  latitude  of  this  countr)\ 

IV.  RADIATION  CHARACTERISTICS  OF  FABRICS 

The  observed  effects  of  sunlight  on  a  balloon  must  be  due  in 
part  to  the  radiation  properties  of  the  fabric  forming  its  envelope. 
The  fabric,  therefore,  bears  a  direct  relation  to  the  operating 
characteristics  of  the  balloon.  It  will  be  advisable,  however,  to 
discuss  first  tlie  radiation  properties  of  balloon  fabrics  quite  apart 
from  their  intended  use. 

When  radiant  energy  is  incident  upon  any  stu^ace  a  fraction  of 
all  wave  lengths  is  reflected,  a  fraction  of  most  wave  lengths  is 
absorbed  and  a  fraction  of  some  wave  lengths  may  be  transmitted. 
In  the  case  of  such  sirrfaces  as  those  of  balloon  fabrics,  there  is 
what  ma)^  be  considered  a  fourth  effect  due  to  the  fact  that  such 
surfaces  are  not  homogeneous  and  give  rise  to  what  is  termed 
"body  color."  In  this  last  case  the  radiation  penetrates  the 
surface  and  then  suffers  internal  reflections  and  refractions  and 
emerges  stripped  of  the  rays  which  are  most  strongly  absorbed. 
It  is  obvious  that  only  the  absorbed  energy  can  affect  the  fabric 
(causing  either  a  chemical  or  a  physical  change) ,  for  the  remainder 
is  either  reflected  or  transmitted  vmchanged.  It  is,  then,  this 
absorbed  energ}^  and  the  absorbing  property  of  the  fabric  in 
which  we  are  interested. 

The  absorbed  radiant  energy  appears  in  the  fabric  principally  in 
the  form  of  heat  energy.  A  small  fraction  may  cause  a  direct 
chemical  change,  but  in  the  case  of  balloon  fabrics  this  part  is 
negligible.  The  direct  measm-ement  of  the  fraction  of  radiation 
absorbed  is  not  possible,  but  since  all  radiation  not  absorbed  must 
leave  one  sirrface  or  the  other  it  may  be  considered  as  either 
reflected  or  transmitted,  and  if  these  parts  can  be  measured  in 
terms  of  the  incident  radiation,  then  the  fraction  absorbed  can  be 

a  Humphreys,  Mon.  Weath.  Rev.,  44,  p.  14;  1916. 
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found.  Consider  a  case  where  there  is  a  rate  of  incident  radiant 
energy  E,  then  if  a  fraction  R  is  reflected,  a  fraction  F  is  trans- 
mitted (where  transmission  is  defined  as  a  fraction  of  the  incident 
rather  than  the  entering  radiation) ,  and  a  fraction  A  is  absorbed, 
the  following  relation  is  obvious : 

RE+FE+AE^E  (i) 

or      -      •  R  +  F  +  A   =1  (2) 

and  A   =i-{R+F)  (3) 

Thus  the  absorption  is  given  in  terms  of  the  transmission  and  reflec- 
tion and  the  quantity  AE  represents  the  rate  at  which  heat  will  be 
generated  in  the  fabric.  A  fraction  of  this  heat  will  be  lost  by  con- 
duction and  convection,  while  another  portion  will  be  reradiated. 
The  portion  reradiated  depends  upon  a  radiation  property  of  the 
surface,  called  the  emissivity,  which  will  be  discussed  later.  The 
magnitudes  and  interrelations  of  these  factors  determine  the 
temperature  rise  of  the  fabric. 

The  general  method  for  determining  the  reflecting  power  of  any 
surface  is  to  measure  the  energy  (radiant  power)  of  a  beam  of  light 
before  and  after  reflection  from  the  surface.  The  ratio  of  these 
values  gives  the  reflecting  power  for  the  light  used  as  a  source. 
The  apparatus  used  for  making  these  measurements  was  devised 
by  Dr.  W.  W.  Coblentz,'  of  this  Bm-eau,  and  we  are  indebted  to 
him  for  the  loan  of  the  original  apparatus  and  his  assistance  in 
making  the  preliminary  measurements.  The  method  in  brief  was 
to  measure  the  energy  of  a  uniform  beam  of  light  by  means  of  a 
linear  thermopile.  The  energy  of  the  same  beam  was  then 
measured  after  reflection  at  normal  incidence  from  a  sample  of 
the  fabric  under  test.  Since  the  reflection  from  a  balloon  fabric 
is  largely  diffuse  it  is  necessary  to  use  a  light-gathering  device 
in  order  to  measure  the  reflected  radiation.  Accordingly  the 
reflected  light  was  brought  to  focus  upon  the  thermopile  by  means 
of  a  silvered  hemispherical  mirror. 

The  transmission  was  determined  with  the  same  apparatus  with 
some  modifications.  The  method  was  to  measure  the  energy  of 
the  beam  of  sunlight  before  and  after  passage  through  the  fabric, 
the  transmitted  light  being  collected  and  brought  to  focus  on  the 
thermopile  by  the  hemispherical  mirror  as  before. 

In  measuring  both  the  reflecting  power  and  the  transmitting 
power  it  is  necessary  to  eliminate  the  effect  of  any  energy  reradiated 
from  the  fabric.     In  some  measurements  *  of  this  kind  on  balloon 

'  Bulletin  Bureau  of  Standards,  9,  p.  3S3;  1913. 

*  See  for  example,  Stern,  Zs.f.,  FluEtechnilc,  6,  p.  145;  1915. 
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fabrics  which  have  come  to  our  attention,  erroneous  conclusions 
have  been  reached  owing  to  neglect  of  this  precaution.  The 
reradiated  energy'  was  prevented  from  reaching  the  thermopile  by 
covering  the  latter  with  a  thin  glass  plate  which  was  opaque  to 
wave  lengths  greater  than  4.5  /i,  which  wave  lengths  comprise  the 
greater  part  of  the  reradiated  energ}-. ' 

Because  of  the  difficulty  of  using  a  moving  body,  such  as  the 
sun,  as  a  soiurce  of  radiation  for  measurements  where  of  necessity 
an  inter\-al  of  time  existed  between  the  measurements  of  incident 
and  reflected  light,  solar  radiation  was  used  in  only  a  few  of  the 
meastuements.  A  fair  substitute  for  the  sun  was  found  by  using 
the  radiation  from  a  nitrogen-filled  tungsten  lamp  transmitted  by  a 
2-per  cent  solution  of  cupric  chloride,^  2.5  cm  in  tliickness.  After 
passing  through  the  cupric  chloride  solution,  the  light  from  the 
single,  straight  filament  of  the  lamp  was  brought  to  a  focus  on  the 
sample  or  thermopile  by  means  of  a  triple-achromatic  lens. 

The  results  of  some  of  the  reflection  and  transmission  measm^e- 
ments  which  were  made  with  the  above  apparatus  are  given  in 
Table  i.  These  particular  results  were  selected  because  the 
fabrics  on  which  they  were  obtained  were  representative  of  the 
kinds  of  fabric  used.  The  values  given  in  the  column  labeled 
"absorption"  were  calculated  from  equarion  3;  the  percentages 
of  light  reflected,  transmitted,  and  absorbed  must,  of  course,  total 
100  per  cent.  The  values  for  the  temperature  increase  in  sunlight 
will  be  considered  later. 

Notes  Regarding  Measurements. — While  the  spectral  distribu- 
tion of  energ}'  in  the  radiation  from  the  lamp  after  passage  through 
cupric  chloride  solution  is  somewhat  similar  to  that  of  sunlight, 
5-et  it  is  not  as  rich  in  the  shorter  wa\-e  lengths.  The  solar  radia- 
tion reaching  the  earth's  surface,  as  shown  in  Fig.  i,  has  a  maxi- 
mum intensity  at  about  o.5ju  while  that  of  the  radiation  used  in  the 
reflection  and  transmission  measiu-ements  has  a  maximum  near 
o.6iu. 

It  was  noticed  that  without  exception,  where  measurements  were 
made,  the  reflecting  power  for  sunlight  was  less  than  for  the  light 
used.  This  was  also  true  for  the  transmitting  power,  with  but  one 
exception,  in  the  case  of  the  fabric  colored  with  lamp  black,  which 
obsers-ation  was  in  all  probability  an  error. 

^  Bulletin  Bureau  of  Standards,  7,  p.  619;  1911. 


TABLE   1. — Radiation   Characteristics   of  Balloon   Fabrics   and   Their  Increase   in 
Temperatiu-e  When  Exposed  to  Sunlight 

[Except  where  stated  otherwise  all  fabrics  are  of  two-ply  construction  with  an  outer  surface  or  coating  of 

the  character  indicated.  ] 


No. 


Description  of  fabric 


Sample  of  fabric 


Goodyear  airship  fabric  after  60 
day's  exposure 


Goodyear  airship  fabric;  alumi- 
num coated 


Experimental  airship  fabric;  alu- 
minum coafed 


Goodyear  fabric;    sameasNo.  1 
before  exposure 


Experimental  airship  fabric;  alu- 
minum coated 


Aluminum  coated  fabric  covered 
with  nitrocellulose  ' '  dope  " 


Aluminum  coated  fabric  dusted 
with  talc 


Ballonet   fabric;   uncoated  cloth 
surface 


Experimental  single-ply  fabric; 
pure  gum  coating 


French  airship  fabric;  cloth  sur- 
face dyed  chrome  yellow  ( 1916) 

Goodrich  kite  fabric;  30  days" 
exposure;  light  brown  rubber 
coat 

Goodyear  kite  fabric;  30  days' 
exposure;  hght  gray  rubber 
coat 


Goodrich  kite  fabric  No.  11,  be- 
fore exposure 


Fabric  from  model  balloon  used 
in  this  investigation 

U.  S.  Rubber  Co.  kite  fabric;  30 
days'  exposure;  olive  green 
rubber  coating 

Experimental  fabric;  cloth  sur- 
face dyed  olive  drab 


Experimental  fabric;  dark  gray 
rubber  coating 


Experimental   single-ply   fabric; 
black  rubber  coating 


Experimental  fabric;  dark  green 
rubber  coating 


Radiation  from  Tungsten 
lamp  after  passage 
through  2.0  per  cent 
solution  of  CuCl; 


Reflec- 

Trans- 

tion 

mission 

Per  cent 

Per  cent 

54.6 

0.0 

50.7 

0.0 

46.9 

0.0 

44.9 

0.0 

40.1 

0.0 

32.4 

1.4 

22.6 

0.1 

42.2 

11.8 

39.2 

12.4 

41.9 

3.1 

26.1 

2.6 

19.3 

2.8 

19.4 

2.4 

15.0- 

4.1 

12.1 

0.6 

6.5 

3.8 

8.3 

0.0 

5.7 

0.2 

5.2 

0.0 

Absorp- 
tion 


Radiation 
from  sun; 
solar  in- 
tensity, 1.4 
g  cal.  per 
cm  -  per 
min.  Tem- 
perature 
rise  above 
air  tem- 
perature 
of  25"  C 


Per  cent 

45.4 


24.5 


19.9 


30.0 


(40.4) 


109744''-19.     (To  face  page  10.) 


Solar  Radiation  and  Balloons 


II 


TABLE  2. — Reflecting  and  Transmitting  Power  of  Balloon  Fabric  for  Different  Sources 

of  Radiation 

[Except  where  stated  otherwise  ell  fabrics  are  of  two-ply  construction  with  an  outer  surface  or  coating 

of  the  character  indicated.] 


Description  of  fabric 

Reflection 

Transmission 

No. 

Sun 

X„=  0.5(1 

Tung- 
sten 
lamp, 
cupric 
chloride 
filter 

Xm- 0.6,1 

Tung- 
sten 
lamp, 
"electric- 
smoke" 
glass 
filter 

Xm-1.5M 

Sun 

Xm=0.5n 

Tung- 
sten 

lamp, 

cupric 
chloride 

filter 
Xo.-0.6m 

Tung- 
sten 
lamp, 
•'electric- 
smotB" 
glass 
filter 

Xm-1.5M 

3 

Ejperimentai  airship  fabric;  alu-  |  Per  cent 

minum  coated 32.7 

Ei-perimenlal  airship  fabric;  alu-  { 

Per  cent 

46.9 

40.1 

44.9 

• 

50.5 
18.8 
11.3 
10.9 
39.  2 

5.7 

Per  cent 

Per  cent 

Per  cent 

0.0 

o.o 

0.0 
0.0 
2.3 
0.2 
0.7 
12.4 

0.2 
34.0 

Per  cent 

5 

4 

Goodyear  airship  fabric;  aluminum 
coated 

54.3 
61.0 
16.4 
13.9 
12.1 

0  0 

20 

Goodrich  airship  fabric;  aluminum 
coated 

0  0 

21 

Experimental    fabric;    green    pia- 

22 

Experimental  fabric;  dark-red  pig- 

23 

Goodyear   kite   fabric;    olive-drab 
rubber  coat  (1917) 

9 

Eiperimenlal     single-ply     fabric; 

9.1 
0.4 

18 

Experimental     single-ply     fabric; 
black-rubber    coating    on    both 
sides..  .                                   .  . 

24 

Thin    sheet    rubber,    known    as 

i 

I 

This  difference  in  reflecting  and  transmitting  power  for  radia- 
tion from  different  sources  is  shown  by  the  results  in  Table  2. 
In  tfiis  table,  the  reflection  and  transmission  for  radiation  from 
the  sun  and  from  a  tungsten  lamp,  using  a  cupric  chloride  solution 
as  a  filter,  and  also  an  "  electric -smoke  "  glass  filter  are  compared. 
The  electric-smoke  glass  is  practically  opaque  "  to  light  in  the 
visible  region,  but  has  a  high  transmission  for  the  infra-red  radia- 
tion; when  combined  with  the  tungsten  lamp  the  radiation  of 
maximum  intensity  was  shifted  to  about  i.5;u.  It  will  be  noted 
that  the  reflection  for  this  radiation  was  higher  than  for  either 
of  the  other  sources.  Fabric  No.  21  forms  an  exception  to  this 
statement ;  the  region  of  maximum  reflection  for  the  green-rubber 
coating  of  this  fabric  is  nearer  o.6/x  than  i.-Sju. 

"  Bulletin  Bureau  of  Standards,  1-J,  p.  666;  1918. 
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It  may  be  concluded  from  the  above  data  that  the  reflection 
and  transmission  generally  increase  as  the  wave  length  of  the 
radiation  of  maximum  intensity  increases,  and  that  accordingly 
all  similar  measurements  using  the  lamp  as  a  source  will  be  higher 
than  they  would  be  for  sunlight.  However,  the  relative  reflection 
and  transmission  remain  about  the  same  for  each  of  the  sources 
and  the  measurements  give  a  reliable  comparison  of  the  different 
fabrics. 

The  question  immediately  arises  as  to  how  far  in  the  infra- 
red the  reflecting  power  would  continue  to  increase.  It  was  not 
considered  that,  for  this  work,  the  results  would  justify  the  time 
required  for  actual  measurement  on  the  fabrics  in  question,  but 
a  fair  idea  as  to  the  infra-red  characteristics  can  be  formed  from 
the  work  of  pre\aous  investigators  on  other  materials.  Co- 
blentz '  has  investigated  the  diffuse  reflecting  power  of  several  pig- 
ments and  kinds  of  cloth  for  several  spectral  regions  in  the  visible 
and  infra-red.  In  almost  every  case  the  reflecting  power  was 
found  to  be  greater  at  0.95  m  than  at  0.60  m-  In  the  region  of  4.4  n, 
however,  the  reflecting  power  was  much  smaller  and  at  8.8  n 
was  still  smaller.  It  seems  probable,  then,  that  a  maximum 
reflection  exists  in  the  spectral  region  of  i  to  4  yu.  Also,  inasmuch 
as  the  nonmetallic  surfaces  exhibit  body  color,  a  maximum 
apparent  reflection  would  be  expected  in  the  region  of  the  maxi- 
mum transmission'  of  the  dyes,  pigment  particles,  cellulose, 
and  rubber  composing  the  fabric.  Most  of  the  dyes  examined ' 
have  a  maximum  transmission  near  2  ix,  though  it  remains  high 
far  into  the  infra-red.  The  transmission  of  both  cellulose '" 
and  rubber  "  is  a  maximum  in  the  region  oi  i  to  2  n  and  at  3  ju 
decreases  to  nearly  zero.  From  these  facts  it  is  reasonable  to 
conclude  that  the  region  of  maximum  diffuse  reflection  of  bal- 
loon fabrics  is  in  the  region  of  i  to  2  ^. 

The  aluminum-coated  fabrics  which  have  recently  been  devel- 
oped present  an  exception  to  the  foregoing  statements.  These 
fabrics  must  have  a  pure  metallic  reflection  decreased  by  a  non- 
selective absorption  due  to  the  numerous  small  interspaces. 
The  metallic  reflection  is  low  in  the  ultra-\-iolet  region,  increasing 
through  the  visible  and,  in  the  case  of  aluminum,  reaches  a  value 
of  over  90  per  cent  in  the  infra-red. 

'  Bulletin,  Bureau  of  Standards.  9,  p.  283;  1913. 

•  See  page  8. 

•  Johnson  and  Spence,  Phys.  Rev.,  5,  p.  349;  1915. 

'^Coblentz,  Publication  No.  97,  p.  43,  Carnegie  Institute  of  Washineton;  xgoS. 
"  Coblentz,  Publication  No.  65.  p.  66.  Carnegie  Institute  of  Washington;  1906. 
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The  diffuse  transmission  is  of  less  importance,  in  the  case  of 
most  balloon  fabrics,  because  of  its  small  value.  For  some  of 
the  single-ply  experimental  fabrics  the  transmission  was  found 
to  be  greater  in  the  infra-red,  this  being  due,  no  doubt,  to  the 
increase  in  transmission  of  gum  rubber  and  cellulose  in  that 
spectral  region,  as  mentioned  above.  A  sample  of  rubber  dam 
(No.  24)  was  foimd  to  increase  in  transmission  from  34  per  cent 
for  the  cupric  chloride  filter  to  55  per  cent  for  the  electric-smoke 
glass,  which  partially  confirms  the  conclusion  regarding  the 
increase  in  the  region  of  the  infra-red. '- 

The  sig-nificance  and  application  of  the  reflection  and  transmis- 
sion measurements  will  be  discussed  in  a  later  section  of  this  paper 
in  connection  with  the  consideration  of  the  temperature  of  a 
balloon  when  exposed  to  simlight.  We  are  indebted  to  Dr.  W.  W. 
Coblentz  for  suggesting  this  method  of  investigation  which  gives 
an  independent  check  on  our  temperature  measurements  and 
supplies  us  with  new  data,  not  heretofore  obtained  by  direct 
measurement. 

V.  TEMPERATURE  OF  BALLOONS 

The  radiation  characteristics  of  balloon  fabrics  are  of  interest 
because  of  their  relation  to  the  temperature  of  the  balloon,  of 
which  they  form  the  envelope,  and  also  their  relation  to  the  buoy- 
ancy of  the  contained  gas.  The  temperature  and  the  correspond- 
ing lifting  power  of  the  gas  are  determined,  in  fact,  solely  by  the 
temperature  of  the  fabric,  for  the  absorption  of  radiation  by  the 
gas  is  negligible.  . 

The  temperature  of  a  thin  sheet  of  material  upon  which  radiation 
is  falling,  is  dependent  on  (i)  the  intensity  of  the  radiation;  (2) 
the  absorbing  power  of  the  surface  for  the  incident  radiation;  (3) 
the  emissivity  of  the  surface  at  the  temperature  in  question;  (4) 
the  loss  of  heat  by  conduction  and  convection,  both  from  the 
front  and  back  surfaces. 

1.  TEMPERATURE  FOR  RADIATION  EQUILIBRIUM 

When  a  thin  sheet  of  material  is  in  thermal  equilibrium  with  its 
surroundings,  all  additions  of  heat  are  balanced  by  losses  of  heat. 
In  order  first  to  investigate  the  temperature  of  the  fabric  when  in 
radiation  equilibrium,  imder  conditions  where  there  is  no  loss  of 
heat  by  conduction  or  convection,  the  case  of  a  surface  in  a  vacuum 
may  be  considered. 

'*  See  Publication  No.  65,  p.  66,  Carnegie  Institute  of  Washington,  for  transmission  curve  of  rubber;  1906. 
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The  radiant  energy  (EJ  absorbed  in  sunlight  will  then  be 
approximately : 

E,  =  A,E,  (4) 

where  A^  is  the  coefficient  of  absorption  in  the  spectral  region  of 
maximum  solar  intensity  (o.5m),  and  Es  is  the  rate  at  which 
radiant  solar  energy  is  incident  upon  the  surface. 

Presimiably  the  radiation  (£,)  from  each  surface  of  the  material 
is  purely  a  thermal  radiation,  and  therefore  in  full  agreement  with 
the  Kirchhoff  law,  and  we  may  VvTite  for  each  surface, 

t  =  ^  (5) 

over  a  range  of  wave  lengths  where  the  coefficient  of  absorption 
(^2)  of  the  surface  in  the  spectral  region  of  maximum  intensity 
of  the  reradiated  energy  does  not  materially  change  and  where 
E  is  the  total  emissivity  of  a  black  body.  But  from  the  Stefan- 
Boltzmann  law: 

£  =  (rT^  (6) 

where  a  is  the  constant  of  total  radiation  for  a  totally  absorbing 
body  and  T  is  the  absolute  temperature.  Then  for  a  single  svuiace 
of  the  material: 

E,=A,<xT'  (7) 

and  for  both  surfaces : 

2  £2  =  2^,0-7^  (S) 

For  thermal  equilibrium  the  reradiated  energy  must  equal  the 
absorbed  energy,  or  E^  must  equal  2  £,,  therefore: 

A,Es  =  2  A..<tT'  or  (9) 

The  last  term  of  this  equation,  (  — ^  I  ,  gives  the  temperature  of 

a  totally  absorbing,  or  "black  bod)-."  Therefore,  any  other  body 
in  a  vacuum  will  come  to  eciuilibrium  at  an  equal,  higher,"  or 
lower  temperature  according  to  whether  the  ratio  "  of  ^1  to  At 
is  equal  to,  greater,  or  less  than  i. 

In  order  that  the  increase  in  temperature  of  a  fabric  may  be 
made  a  minimum,  the  above  ratio  should  be  made  as  small  as 
possible,  that  is,  A^  should  be  small  and  A^  large.  In  other 
words,  the  fabric  should  absorb  as  little  as  possible  of  the  solar 
radiation  and  reradiate  that  absorbed  with  a  minimum  rise  in 

"  No  such  case  is  kno'wn. 

'*  Ratio  of  absorbinc  power  for  wave  lengths  of  0.5A*  to  absorbing  power  for  wave  lengths  of  9M. 
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temperature.  In  most  instances,  as  will  be  shown  later,  the 
absorption  for  sunlight  (Aj)  is  the  important  factor  in  determining 
the  temperature  rise  for  radiation  equilibrium.  For  transparent 
bodies  A,^  is  zero  and  the  radiation  causes  no  rise  ^^  in  temperature. 
Of  all  opaque  surfaces  investigated,  zinc  oxide  '"  fulfills  the 
above  requirements  most  perfectly.  A^  for  zinc  oxide  is  about 
18  per  cent  and  A^,  97  per  cent.     The  temperature  would,  there- 

fore,  be  I  —  j    ,  or  66  per  cent,  of  the  absolute  temperature  that 

a  black  body  would  reach  under  similar  circumstances,  in  the 
hypothetical  case  which  was  assumed,  that  is,  in  a  vacuum. 

2.  HEAT  LOSSES 

The  effective  value  of  the  solar  radiation  falling  upon  the  upper 
surface  of  the  balloon,  which  toU  have  to  be  reradiated  from  the 
balloon  if  thermal  equilibrium  is  to  be  reached,  will  be  diminished 
(i)  by  energy  reradiated  to  the  lower  surface  of  the  balloon,  (2)  by 
conduction  through  the  contained  gas,  and  3)  by  losses  by  con- 
duction and  convection  to  the  atmosphere. 

(a)  Reradiation  to  Lower  Surface. — The  upper  surface  of  the 
balloon  radiates  energy  to  the  lower  surface  and  the  lower  surface 
in  turn  radiates  energy  to  the  upper  surface.  It  can  be  shown 
that,  in  a  balloon,  the  resultant  transfer  of  energy  from  the  hotter 
upper  surface  to  the  cooler  lower  surface  is  approximately 

E=i/2  iA,aT'-A,,TTo')  (11) 

where  T  and  To  are  the  absolute  temperatures  of  the  upper  and 
lower  surfaces,  respectively.  If  the  upper  and  lower  surfaces  are 
of  the  same  fabric  •    ■ 

A,=-A, 
because  the  radiation  from  each  will  be  approximately  in  the 
same  spectral  region  and  the  equation  can  be  simplified  to 

E=  1/2  A.cr  (T'- To')  (12) 

where  To  is  the  absolute  temperature  of  the  lower  surface  of  the 
balloon. 

(6)  Conduction  Through  the  Gas  in  the  Balloon . — The  loss  by  con- 
duction from  the  upper  surface  through  the  gas  in  the  balloon  is 
negligible  at  all  times.  For  a  balloon  having  a  diameter  of  10  m 
and  with  a  difference  in  temperature  between  the  surfaces  of  25°  C, 
we  have  computed  the  loss  by  conduction  to  be  less  than  i  per 
cent  of  the  total  loss  of  heat. 

^*  As  an  illustration  of  such  a  case,  a  large  soap  bubble,  blown  with  gas  in  the  shade,  showed  no  change 
in  buoyancy  on  being  fanned  into  the  sunlight. 

^^Coblentz.    Bulletin  Bureau  Standards,  9,  p 313;  1915. 
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(c)  Loss  by  Comcction  to  the  Atmosphere. — The  determination  of 
the  temperature  of  a  balloon  is  fmlher  complicated  by  the  loss  of 
heat  by  conduction  and  convection  to  the  atmosphere.  Further- 
more, the  convection  is  dependent  upon  so  many  variables  that 
no  simple  solution  of  the  problem  seems  possible.  The  results  of  all 
recent  investigators  of  this  subject  can,  however,  be  expressed  in 
the  general  fonn 

H  =  kt'c-  (13) 

where  H  is  the  heat  lost  in  gram-calories  per  square  centimeter  per 
second,  t  is  the  difference  in  temperature  between  the  surface  and 
the  surrounding  air  in  degrees  centigrade,  v  is  the  wind  velocity  in 
centimeters  per  second,  fe  is  a  constant  dependent  on  the  properties 
of  the  gas,  and  n  is  a  constant  apparently  dependent  on  the  form 
of  the  surface,  and  for  .  large  ranges  of  velocity,  on  the  velocity 
also.  It  has  been  pointed  out  "  that  the  experimenters  using 
small  wires  found  the  value  of  n  to  be  approximately  0.5,  while 
the  few  experimenting  with  much  larger  cylinders  found  n  equal 
to  I.  Hughes  also  found  that  the  value  of  n  for  a  small  stream- 
line surface  is  0.62  '^  and  that  for  a  difference  in  temperatiu-e  of 
90°  C  and  a  wind  velocity  of  13  m  per  second,  the  relative  losses 
of  heat  for  various  surfaces  were  as  follows: 


Shape  of  tube 


Loss  ot  heal 


Stream-line  suilace , 

Cylindrical  surface,  area=Uist  of  stream-line  surface 

Cylindrical  surface,  diameter^  maximum  diameter  of  stream-line  surface. . 
Cylindrical  surface,  air  resistance=  Uiat  of  stream-line  surface 


100 
8S 
40 
13 


It  seems  probable  therefore,  that  a  stream-line  balloon  is  well 
adapted  for  dissipating  a  maximvim  amount  of  heat  at  this  velocity. 
The  composition  or  condition  of  surface  apparently  has  Little  effect 
as  long  as  the  surface  condition  does  not  cause  turbulence. 

At  this  point  it  is  perhaps  worth  while  to'call  attention  to  the 
fact  that  although  it  is  important  in  hot  summer  weather  to  keep 
the  temperature  below  a  point  that  will  cause  high  gas  permea- 
bility and  increased  deterioration  of  the  fabric,  it  is  not  this  abso- 
lute temperatine  that  is  of  primary  importance,  in  so  far  as  sta- 
biUty  of  operation  is  concerned.  Rather  it  is  the  magnitude  and 
rapidity  of  the  changes  in  temperature  caused  b)'  changing  solar 
intensity   (due  to  clouds)   or  by  changing  wind  velocity,  or  the 

"  Hushes.  Phil.  Mag..  31,  p.  126;  1916. 

**  The  tabulated  observations  indicate  a  value  of  over  0.66,  however. 
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velocity  of  the  balloon  tlirough  the  air.  Further,  the  final  tem- 
perature reached  by  any  body  in  the  air  will  be  that  of  the  air,  if 
all  outside  radiation  is  removed,  and  therefore  the  rise  in  tempera- 
ture of  a  balloon  fabric  in  sunlight  above  that  of  the  air  is  a  direct 
indication  of  its  effect  in  varying  the  buoyancy  of  the  balloon. 
For  this  reason  it  must  not  be  supposed  that  the  radiation  prop- 
erties become  of  less  importance  at  high  altitudes,  where  the  air 
temperature  is  much  lower  than  at  the  ground.  The  true  tem- 
perature of  a  balloon  will  decrease  as  it  ascends,  owing  to  the 
increasing  rate  of  loss  of  heat  to  the  cooler  air,  but  the  increasing 
solar  intensity  will  tend  to  raise  its  temperature  to  reach  radiation 
equilibrium.  If  the  effective  wind  velocity  is  not  changed,  the 
result  will  be  a  greater  difference  in  temperature,  between  the  upper 
surface  of  the  balloon  and  the  air,  at  a  high  altitude  than  at  a  low 
altitude. 

3.  EXPERIMENTAL  MEASUREMENTS  WITH  MODEL  BALLOON 

It  would  prove  interesting  to  make  actual  temperature  measure- 
ments on  airships  in  flight,  for  although  several  attempts  have 
been  made  by  others,  notably  by  Bassus  and  Schmauss,'^  there 
are  practically  no  data  of  much  value  available  as  yet,  since  these 
authors  and  later  Stern,-"  and  also  Emden,^'  in  discussing  the 
transmission  and  absorption  of  balloon  fabrics,  make  the  erroneous 
assumption  that  the  temperature  for  radiation  equilibrium  is  the 
same  for  all  surfaces,  namely,  that  of  a  black  body.  They  arrive 
at  the  astonishing  conclusion  that  the  equilibrium  temperature 
would  be  the  same  for  both  a  perfectly  black  balloon  fabric  and 
an  aluminum-coated  fabric  and  that  the  only  difference  in  their 
behavior  toward  sunlight  is  that  the  aluminum-coated  fabric 
requires  a  longer  time  to  reach  equilibrium  and  hence  remains 
cooler  longer.  They  fall  into  this  error,  apparently,  by  neglecting 
to  consider  that  surfaces,  other  than  those  of  "black"  or  "gray" 
bodies,  do  not  have  a  uniform  absorption  throughout  the  spectrum. 
Thus,  the  absorption  of  a  surface  for  sunlight  can  not  be  used  in 
the  formula  for  total  radiation,  equation  5,  in  solving  for  the 
equilibrium  temperature  of  the  surface,  for  in  deri\dng  this  equa- 
tion the  absorption  in  the  region  of  reradiated  energy  is  used. 
They  make  no  distinction  between  the  absorption  in  these  two 
widely  separated  spectral  regions,  using  these  values  interchange- 

••  Zs.  f.  Flustechnik.  2,  pp.  216,  29s,  1911:  3,  p.  25S,  1912;  4,  p.  297,  1913:  .5,  p.  79,  1914. 
*0Zs.  f.  Flustechnik,  6.  p.  145;  1915, 
"  Zs.  f.  Fluatechnik,  3,  p.  31s:  1912, 
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ably.  As  a  result,  all  of  their  temperature  measurements  were 
made  for  the  contained  gas  in  place  of  the  controlling  factor,  the 
fabric. 

In  the  present  investigation  it  was  not  found  possible  to  make 
measurements  on  balloons  under  ser\^ce  conditions.  Accordingly 
it  was  decided  to  make  a  preliminary  survey  of  the  problem  by 
means  of  measurements  on  a  small-sized  model  balloon.  These 
measurements  were  designed  to  show  the  temperature  of  the  sur- 
face of  the  balloon  at  different  points  and  the  temperature  gradient 
in  the  gas  contained  in  the  envelope.  Furthermore,  experiments 
were  made  to  show  the  relative  temperature  rise,  above  that  of 
the  air,  of  typical  fabrics  when  exposed  to  sunlight. 

(a)  Description  of  Apparatus. — The  model  balloon  which  was 
used  for  the  measurements  of  the  temperatures  of  the  fabric  and 
gas  was  kindly  loaned  by  the  Goodyear  Tire  &  Rubber  Co.  It  was 
a  model  of  a  stream-line  dirigible  and  had  a  maximum  diameter  of 
3  feet  and  a  length  of  1 2  feet.  The  measurements  of  temperature 
were  made  by  means  of  copper-constantan  thermocouples  and  a 
potentiometer.  The  couples  were  made  by  soldering  the  elements 
in  the  form  of  No.  36  B.  &  S.  gage  wire,  to  very  thin,  bright  metal 
receivers,  1.5  mm  by  3.0  mm."  Some  of  these  receivers  were  in 
turn  cemented  to  the  inner  surface  of  the  balloon  by  means  of 
Canada  balsam.  In  this  way  an  excellent  contact  was  made 
between  the  thermocouple  and  the  fabric  and  yet  the  receiver  was 
not  so  massive  as  to  affect  the  temperature  measurements.  Simi- 
lar thermocouples  of  the  same  size  were  supported  at  various 
points  inside  the  balloon  by  means  of  the  No.  36  wire  leads.  These 
could  be  drawn  from  one  side  of  the  balloon  to  the  other,  thus 
exploring  the  temperature  of  the  gas  throughout  a  circular  cross 
section  of  the  balloon. 

In  order  to  determine  the  relative  rise  in  temperature  of  different 
fabrics,  square  samples  7  cm  on  a  side  were  supported  in  a  position 
for  normal  solar  incidence  with  a  thermocouple,  as  described  above, 
mounted  on  the  lower  surface.  Two  fabrics  were  exposed  at  the 
same  time,  one  being  used  as  a  standard  and  all  others  compared 
with  this  one.  The  temperature  of  a  number  of  fabrics  exposed 
to  sunlight  was  measured  in  this  way  by  Dr.  Coblentz,  with  the 
assistance  of  Mr.  W.  B.  Emerson,  in  1917,  and  the  results  formed 
the  basis  of  a  preliminary  report  from  the  Bureau  on  the  "  Heating 
Effect  of  Sunlight  upon  Balloon  Fabrics." 

"The  use  of  this  form  of  thermocouple  was  suggested  by  Dr.  Coblentz;  their  construction  is  described 
by  him  in  the  Bulletin  of  the  Bureau,  9,  p.  15,  1913. 
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In  order  to  place  results  obtained  at  different  times  and  under 
different  conditions  of  solar  radiation  and  air  temperature  on  a 
comparable  basis,  we  have  assumed  a  standard  condition  where 
the  air  temperature  is  25°  C  and  the  solar  intensity  equals  1.4 
g  calories  per  square  centim.eter  per  minute.  Each  measurement 
included  observations  of  the  true  temperature  of  the  fabric  and 
the  air,  the  temperature  difference  of  the  fabric  and  standard, 
standard  and  air,  and  the  value  of  the  rate  of  solar  radiation  dur- 
ing these  measurements.  The  value  under  the  standard  condi- 
tions is  calculated  from  these  observations. 

(6)  Sources  of  Error  in  Measurements. — ^The  thermocouples  with 
leads  and  cables  were  checked  at  several  points  and  found  to  agree 
within  o.  I  °  C  over  the  range  of  temperatures  for  which  they  were 
used.     It  could  not  be  concluded,  however,  that  the  temperatures 


Fig.  ^.^Temperature  distribution  on  envelope  of  model  balloon 
Air  temperature=23'' C;  solar  mtensiLy=  1.33  g  cal  per  cm- min. 

of  a  surface  or  of  the  gas  were  measured  with  this  accuracy.  For 
this  reason  several  couples  were  mounted  both  on  the  inside  and 
outside  of  the  upper  surface  of  the  model  balloon.  From  measure- 
ments of  the  difference  in  temperature  of  these  couples  it  was 
found  that  the  absorption  or  emission  of  the  tin  receiver  to  which 
the  thermocouple  is  soldered  apparently  has  little  effect  in  deter- 
mining its  temperature.  It  is  concluded,  therefore,  that  the  true 
temperature  of  the  surface  is  measured  within  0.2°  C.  To  check 
the  accuracy  in  measuring  the  temperature  of  the  gas,  two  of  the 
above  receivers  were  supported  in  the  air,  one  in  the  shade  and 
the  other  in  direct  sunlight.  The  one  exposed  to  sunlight  was 
from  0.1°  to  0.5°  C  hotter  than  the  one  in  the  shade,  but  with  the 
couple  in  the  sunlight  shaded  by  a  sheet  of  balloon  fabric,  this 
difference  was  never  greater  than  0.2°  C. 
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(c)  Experimental  Results. — The  temperature  of  the  surface  of  the 
balloon  as  found  in  one  tj^pical  series  of  observations  is  shown  in 
Fig.  3.  In  this  figiu'e  the  locations  of  the  thermocouples  are  shown 
by  black  dots  and  the  temperature  of  the  fabric  at  each  point  is 
indicated  by  the  figiu-es.  This  distribution  of  temperatures  is 
typical  of  the  many  observations  made.  It  will  be  noted  that  the 
increase  in  temperature  of  any  point  on  the  upper  surface  above 
that  of  the  surface  just  below  the  shadow  line  is  found  to  vary- 
approximately  as  the  cosine  of  the  angle  between  the  sun's  rays 
and  the  normal  to  the  surface  at  that  point.  This  indicates  that, 
over  the  range  of  solar  intensities  experienced,  the  increase  in  tem- 
perature of  the  fabric  is  directly  proportional  to  the  intensity  of 
the  solar  radiation.     Fig.  4  shows  the  values  of  Fig.  3  plotted  in 


Fig.  4. — Graph  showing  temperature  of  envelope  ayid  temperature  difference  between 

envelope  and  air  at  different  points 

Air  teinperature=  23"  C;  solar  intensity  =  1.33  g  cal  per  cm^  min. 

polar  coordinates.  CurA-e  .4  is  the  true  temperatiure,  while  curve 
B  is  the  temperature  difference  between  the  balloon  surface  and 
surrounding  air. 

A  significant  fact  to  be  noted  in  these  curves  is  that  the  mini- 
mum temperature  occtu-s  just  below  the  beginning  of  the  shadow 
on  each  side  of  the  balloon.  This  condition  was  found  in  every 
series  of  measurements  made,  and  it  can  not  be  considered,  there- 
fore, unusual.  The  liigher  temperatiu-e  at  the  lower  surface  is 
probably  due  to  a  greater  intensity  of  transmitted  sunlight  at  this 
point.  The  highest  temperature  measured  on  this  model  balloon 
was  66.4°  C  (152°  F)  with  a  surrounding  air  temperature  of  25.5°  C 
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(78°  F)  and  a  solar  radiation  intensity  of  about  1.42  g  calories  per 
square  centimeter  per  minute. 

Measurements  of  the  temperature  of  the  contained  gas  indi- 
cate practically  a  uniform  temperature  (within  1°  or  2°  C) 
throughout  the  lower  half  of  the  balloon,  whereas  the  tempera- 
ture varies  in  the  upper  half.  The  variation  of  the  temperatiure 
in  the  interior  of  the  balloon  is  shown  in  Fig.  5  by  a  series  of 
isothermals  spaced  for  equal  differences  in  temperature.  The 
heavy  dots  indicate  the  position  of  the  thermocouples  used,  and 
the  accompanying  figures  the  observed  temperatures  in  degrees. 
Because  of  the  fact  that  10  minutes  are  required  for  making  this 
series  of  about  30  measurements,  and  that  during  this  interval 
of   time   changes   in   the   conditions   affecting   the   temperature 
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Fig.  '5. — Temperature  distribution  iiuide  model  balloon 

occur,  it  was  necessary  to  combine  the  results  of  several  series 
of  measurements  in  order  to  find  the  condition  at  a  given  instant. 
As  a  check  on  this  relative  temperature  distribution,  a  large  num- 
ber of  measurements  of  temperature  differences  were  made  be- 
tween different  points  on  the  surface  of  the  balloon  and  in  the 
gas.  Fig.  5  indicates  the  combined  result.  It  should  be  noted 
that  a  difference  in  temperature  of  as  much  as  25°  C  may  exist 
in  different  parts  of  the  gas.  It  is  therefore  important,  in  report- 
ing such  measurements  to  specify  the  location  of  the  point  at 
which  the  measurement  is  made.  It  is,  of  course,  improbable 
that  the  temperature  would  vary  in  exactly  the  same  manner 
throughout  the  envelope  of  a  full-size  balloon.  In  fact  the 
model  balloon  differs  from  a  full-size  balloon  in  that  it  contains 
no  air  ballonets.     The  presence  of  the  ballonets  in  the  full-size 
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envelope  would  probably  tend  to  accentuate  the  difference  m 
temperature  between  the  upper  and  lower  surfaces.  The  bal- 
lonet  acting  as  a  sort  of  diaphragm  across  the  interior  of  the 
balloon  would  absorb  the  transmitted  and  reradiated  energy 
from  the  upper  surface  and  heat  the  upper  surface  by  reradiation 
just  as  did  the  lower  surface  in  the  model  balloon.  The  lower 
surface  would  consequently  be  relatively  cooler  than  in  the  case 
of  the  model  balloon.  .  The  present  measurements,  however, 
indicate  to  a  certain  extent  the  character  and  magnitude  of  the 
temperatvu'e  difference  which  may  be  expected. 
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Fig.  6. — Variation  of  temperature  of  balloon  with  changing  radiation  intensity 

It  is  worth  while,  also,  to  note  the  rapidity  with  which  the 
temperatiore  changes  at  different  points  in  a  balloon  when  pass- 
ing from  direct  sunlight  into  the  shadow  of  a  cloud,  and  \-ice 
versa.  For  tliis  purpose  measurements  of  the  temperature  of 
the  upper  and  lower  surfaces,  and  the  temperature  of  the  gas 
at  the  center  and  half  way  between  the  center  and  upper  surface, 
were  made  as  nearly  simultaneously  as  possible.  These  measure- 
ments were  made  on  the  model  balloon  at  a  time  when  small 
dense  clouds  were  \'isible.  The  results  are  shown  graphically 
in  Fig.  6.  The  ordinates  represent  the  true  obsers-ed  tempera- 
ture and  the  abscissas  the  time  inter\'al  in  minutes.     The  curves 
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A,  B,  C,  and  D  represent,  respectively,  the  temperature  of  the 
upper  surface,  of  the  gas  midway  between  the  center  and  the 
top,  of  the  gas  at  the  center,  and  the  temperature  of  the  lower 
surface. 

From  the  two  lower  curves  it  will  be  noticed  that  under  a 
more  or  less  steady  condition  gas  at  the  center  is  receiving  enough 
heat  from  the  upper  surface  to  raise  its  temperature  a  fraction 
of  a  degree  above  that  of  the  lower  surface.  With  rapidly  chang- 
ing temperature,  however,  the  temperature  of  the  gas  at  the 
center  is  seen  to  be  almost  wholly  dependent  on  that  of  the  lower 
surface  and  to  lag  behind  it  from  i  to  2  minutes. 

During  the  time  interval  (a-b)  of  3  minutes  the  temperature 

changes  were  as  follows: 

C° 

Upper  surface 20. 6 

Upper  gas 13.  o 

Center  gas i.  5 

Lower  surface 5.  8 

If  the  "upper"  gas  temperature  represents  an  average  for  the 
upper  half  of  the  balloon  and  a  mean  of  the  center  gas  and  lower 
surface  temperatures  an  average  for  the  lower  half,  then  the 
average  temperatiure  change  of  the  gas  is  8.4°  C.  The  initial 
temperature  was  43°  C  or  316°  absolute;  therefore,  the  volume 
diminished  2.7  per  cent  (8.4/316)  in  3  minutes,  the  pressure 
remaining  constant.  This  means  a  volume,  or  buoyancy,  change 
of  0.9  per  cent  per  minute.  To  show  the  effect  of  such  a  rapid 
change  it  may  be  supposed  (though  not  probable)  that  the  aver- 
age temperatin-e'  of  the  gas  in  an  airship  of  200  000  cubic  feet 
capacity  suffers  such  a  change.  In  such  a  case  it  would  be  neces- 
sary to  fill  the  ballonet  at  the  rate  of  1800  cubic  feet  per  minute 
to  keep  the  envelope  properly  inflated.  It  would  be  interesting 
to  observe  the  actual  magnitudes  of  these  changes  in  practice. 

(d)  Relative  Temperature  Rise  of  Fabrics. — The  rise  in  tempera- 
ture must  be  measured  for  all  fabrics  under  identical  conditions, 
if  a  fair  comparison  is  to  be  secured.  It  was  found  that  the 
increase  in  temperature  above  that  of  the  surrounding  air  was 
directly  proportional  to  the  solar  intensity  over  a  rather  wide 
range.  It  was  therefore  possible  to  make  the  temperatiure  meas- 
urements for  various  solar  intensities  and  extrapolate  for  a  stand- 
ard solar  intensity,  which  was  taken  as  1.4  g  calories  per  square 
centimeter  per  minute.  All  results  are  given  for  still  air  surround- 
ing the  fabric  at  a  temperature  of  25°  C,  which  is  the  temperature 
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at  which  permeabiUty  measurements  of  these  fabrics  are  made 
in  tliis  laboratory'. 

The  rise  in  temperature  for  a  number  of  fabrics,  when  measured 
in  this  manner  is  shown  in  the  last  column  of  Table  i .  It  will  be 
noticed  that  for  all  fabrics,  except  those  which  are  aluminum 
coated,  the  absorption  is  a  relative  measure  of  the  temperature 
rise.  The  diffuse  reflecting  power  is  an  inverse  measure  of  the 
relative  temperature  rise.  The  measurement  on  the  fabric  from 
the  model  balloon  was  made  on  the  balloon  and  is,  therefore,  not 
comparable  with  the  other  values  because  the  fabric  was  heated 
by  reradiation  from  the  lower  surface.  In-  the  case  of  the  alu- 
minized  fabrics,  the  reflecting  power  presumably  remains  high  at 
wave  lengths  in  the  infra-red  near  gp,  and  according  to  Kirch- 
hoff's  law  the  emissi\'ity,  or  radiating  power,  must  be  low.  There- 
fore, the  aluminized  fabric  would  have  to  be  raised  to  a  higher 
temperature  in  order  to  radiate  at  a  given  rate,  than  would  some 
other  material  with  a  higher  emissi\dty  in  the  infra-red  near  9;*. 
The  radiation  properties  of  the  several  aluminized  fabrics  at,  or 
near,  this  wave  length  must  be  nearly  the  same,  for  the  relative 
temperature  rise  among  fabrics  of  this  type  is  proportional  to  the 
radiation  absorbed. 

This  same  reasoning  indicates  that  all  of  the  fabrics  investi- 
gated, except  those  which  are  aluminum  coated,  have  nearly 
identical  radiation  properties  at,  or  near,  a  wave  length  of  9/x. 
It  was  for  this  reason  that  it  was  not  considered  worth  while  for 
the  purpose  of  this  work  to  investigate  the  actual  radiation 
properties  in  the  region  of  the  infra-red. 

4.  SOBIE  TEMPERATURE  CALCULATIONS 

The  fabric  of  the  upper  surface  of  a  balloon  loses  most  of  the 
heat  appearing  there  toward  the  outside.  In  other  words, 
only  a  small  proportion  of  the  total  is  carried  to  the  inside  and  lost 
through  the  lower  surface  of  the  balloon.  For  calculating  the 
maximum  temperature  due  to  sunlight,  above  which  no  balloon 
fabric  could  rise,  a  material  may  be  considered  which  has  a  totally 
absorbing  surface  directed  toward  the  sun  and  a  totally  reflecting 
surface  directed  away  from  the  sun.  Gas  conduction  arid  convec- 
tion losses  may  become  very  small,  and  for  the  present  purposes 
they  may  be  considered  zero,  that  is,  we  may  assume  that  no  gas 
is  present. 
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In  this  hypothetical  case  the  radiant  energy  absorbed  and  that 
reradiated  by  the  totally  absorbing  surface  will  be  equal  to  the 
solar  intensity  at  this  stirface.  And  from  the  Stefan  Ibw  of 
total  radiation: 

E.^aT'  (14) 


or 


T  =  -»7— 


(15) 


Values  of  T  for  solar  intensities  of  1.40  (at  the  earth's  surface) 
and  1.67  (at  an  altitude  of  5000  ni)  are  given  below: 


E, 

T 

t 

1.40 

°Abs. 

362 
378 

'C 

89 
105 

174 

1.67 

221 

The  number  of  factors  involved  and  the  number  of  assumptions 
which  must  be  made  in  an}'  specific  case  make  the  application  of 
the  radiation  equations  to  practical  problems  rather  difficult. 
They  have  a  certain  value,  however,  in  showing  the  relative 
magnitude  of  changes  which  may  be  expected  and  provide  a  rough 
check  on  experimental  data.  By  means  of  these  relations  we 
have  estimated  the  relative  quantity  of  heat  lost  by  radiation 
from  the  upper  surface  of  the  model  balloon  and  that  lost  by 
convection  to  the  atmosphere  when  the  balloon  was  in  still  air  at 
26°  C  and  the  temperature  of  the  upper  surface  of  the  balloon  was 
65°  C.  Under  these  conditions  approximately  80  per  cent  of  the 
heat  loss  may  be  due  to  radiation,  a  fact  wliich  emphasizes  the 
relative  importance  of  the  radiation  properties  of  a  fabric  in 
determining  its  temperature  in  sunlight.  The  convection  loss 
calculated  from  Langmuir's  ^'  equation  also  indicated  that  ap- 
proximately 80  per  cent  of  the  heat  loss  was  due  to  radiation. 

The  above  calculations  assume  the  air  movement  to  be  small, 
that  is,  there  is  a  negligible  wind  velocity  or  velocity  of  the  balloon 
through  the  air.  With  a  high  wind  velocity  the  loss  of  heat  by 
convection  may  become  larger  than  that  by  radiation.  It  is  use- 
less to  compute  the  resulting  temperature  for  various  velocities, 
but  it  should  be  pointed  out  that  increasing  wind  velocity  causes 
the  temperature  of  the  balloon  to  approach  that  of  the  air  as  a 
Umit.  It  is  desirable,  therefore,  that  the  temperature  rise  of  the 
balloon  above  that  of  still  air  be  small,  so  that  rapid  changes  of 

23  phy.  Rev,.  84,  p.  401;  1912. 


26  Technologic  Papers  of  the  Bureau  of  Standards 

wind  velocity  or  the  velocity  of  the  balloon  through  the  air,  may 
cause  a  relatively  small  change  of  the  buoyancy  of  the  balloon. 

VI.  DETERIORATION    OF    FABRIC   CAUSED   BY  RADIATION 

It  has  long  been  known  that  light  is  one  of  the  chief  agents 
causing  the  deterioration  of  balloon  fabrics.  Both  the  cotton 
cloth  and  the  rubber  are  injured  by  exposiu-e  to  light,  the  extent  of 
the  damage  being  determined  by  the  character  and  intensity  of  the 
light  as  well  as  the  duration  of  the  exposure.  Aside  from  the 
strictly  photochemical  reactions  produced  by  light,  the  rubber  in 
particular  is  injured  by  the  relatively  high  temperatures  to  which 
it  may  be  raised  by  exposiu-e  to  radiation. 

Because  of  their  well-known  photochemical  activity,  the  ultra- 
violet rays  have  been  considered  the  chief  factors  in  the  deteriora- 
tion caused  by  light.  Edwards  and  Moore  -^  in  some  tests  on  the 
use  of  ultra-\'iolet  light  for  deterrainmg  the  lasting  qualities  of 
fabrics  were  able  to  show  that  exposure  to  equal  quantities, 
though  of  different  spectral  distribution,  of  ultra-violet  radiation 
(wave  lengths  less  than  0.45/u)  from  the  sun  and  also  from  a  mer- 
cury  vapor  arc  in  quartz,  produced  different  degrees  of  deteriora- 
tion depending  on  the  fabric  wliich  was  being  tested.  Neverthe- 
less, the  action  was  qualitatively  the  same  \Aath  both  sources  of 
light.  Further  discussion  of  the  relation  between  the  character 
of  the  radiation  and  the  rate  of  deterioration  must  await  the  com- 
pletion of  more  extensive  tests. 

The  effect  of  heat  in  producing  the  deterioration  of  fabric  has 
been  discussed  by  Edwards  ^^  and  Tuttle ".  Although  main- 
taining the  fabric  at  a  temperature  of  70°  C  in  an  electrically- 
heated  air  bath  produced  rapid  deterioration,  the  action  was  char- 
acteristically different  from  that  caused  by  exposure  to  light. 
One  fabric  in  particular  that  deteriorated  extremely  rapidly  on 
exposure  to  the  weather  and  in  ser\"ice,  remained  flexible  and  was 
damaged  least  by  the  heat  test.  Another  fabric  which  showed 
very  good  lasting  qualities  on  exposure  to  weather  and  in  serA-ice, 
became  stiff  and  deteriorated  rapidly  when  heated. 

It  is  impossible  at  the  present  time  to  distinguish  between  the 
photochemical  action  on  the  fabric  caused  primarily  by  the  ab- 
sorbed radiation  and  the  action  caused  by  the  heat  resulting  from 
the  absorption  of  radiation.  There  are  very  good  reasons,  how- 
ever, for  assigning  the  major  role  to  light.     Accordingly,  the  most 

-*  Fourth  Ana.  Rep.  Nat.  Advisory  Coinm.  Aeron.  (to  appear  in  1919). 
**  Third  Ann.  Rep.  Nat.  Advisory  Coniin.  Aeron.,  pp.  459  and  463:  1918. 
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durable  fabric  considered  from  this  standpoint  is  the  one  which 
has  the  best  protection  against  light,  and  which  also  shows  the 
least  increase  in  temperature  when  exposed  to  sunlight.  These 
points  will  be  considered  more  at  length  in  the  succeeding  section 
on  the  selection  of  fabric.^. 

A  further  effect  produced  by  the  heating  of  the  fabric  is  its  in- 
crease in  permeability.  The  permeability  of  rubber  to  hydrogen 
increases  about  4  per  cent  for  an  increase  in  temperature  of  i  °  C 
at  about  25°.  In  the  case  of  the  model  balloon  (see  Fig.  4)  where 
the  upper  surface  was  at  a  temperature  of  60°  C„.the  permeability 
of  the  fabric  was  about  3  times  as  great  as  at  25°  C,  which  is 
the  standard  temperature  for  testing  fabric  for  permeability. 
Although  a  fair  proportion  of  the  loss  of  gas  from  a  balloon 
occurs  through  the  seams,  nevertheless,  the  increased  loss  of  gas 
through  the  fabric  at  such  high  temperatiures  is  worthy  of  attention. 

VII.  SELECTION  OF  FABRIC 

There  are  so  many  qualities  which  may  be  desirable  in  a  balloon 
fabric  and  the  requirements  for  each  may  be  so  conflicting  that  the 
resultant  choice  must  be  a  compromise.  The  choice  will,  how- 
ever, take  Into  consideration  the  specific  use  for  which  the  fabric 
is  intended.  The  considerations  of  strength  and  elastic  prop- 
erties are  more  or  less  independent  of  the  other  properties  of  the 
fabric.  Weight,  radiation  characteristics,  color,  \-isibility,  and 
durability  are,  however,  all  interrelated  arid  must  be  considered 
together. 

It  has  been  pointed  out  that  from  the  standpoint  of  the  effect 
of  radiation  in  raising  the  temperatiure,  a  nearly  transparent 
fabric  or  a  perfectly  reflecting  surface  would  be  most  desirable. 
Such  a  fabric  is  not  a  possibility  at  the  present  time,  however.  A 
fabric  with  a  white  rubber  coating  compounded  with  zinc  oxide 
would  also  be  favorable  from  this  standpoint,  although  not  from 
others.  Fabrics  Nos.  8  and  9  in  Table  i ,  which  have  the  color  of 
the  unbleached  cloth  and  the  pale  yellow  of  pure  vulcanized 
rubber,  show  a  very  small  increase  in  temperature,  but  because 
they  lack  any  protection  against  the  injurious  action  of  light  their 
useful  life  would  be  very  short.  This  objection,  however,  does 
not  apply  to  the  aluminum-coated  fabrics.  The  aluminum  coat- 
ing not  only  protects  the  gas-retaining  rubber  film  by  %drtue  of  its 
opacity  to  light,  but  also,  because  of  its  high  reflecting  power, 
remains  comparatively  cool  when  exposed  to  sunlight.  The 
deterioration  of  fabrics  8  and  9  when  exposed  to  the  weather  in 
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summer  at  Washington  is  about  lo  times  as  rapid  as  in  the  case 
of  the  best  aluminum-coated  fabrics.  The  aluminum-coated 
fabric  is,  therefore,  finding  extensive  use  because  of  its  superior 
durability.  For  miHtarj"  piu-poses  where  low  \-isibility  is  desir- 
able, there  are  sometimes  objections  to  the  use  of  the  bright  and 
highly  reflecting  aluminum  coat.  Also  the  weight  of  the  alumi- 
num coating  may  be  undesirable  for  envelopes  where  a  very  light 
fabric  is  required.  In  these  cases  it  is  necessary  to  use  a  dyed  or 
pigmented  rubber-coated  fabric  which  meets  the  color  and 
\'isibiUty  requirements  and  yet  shows  a  minimum  temperature 
effect  and  satisfactory  durabiHty  characteristics. 

In  the  case  of  a  captive  balloon  the  consideration  of  buoyancy 
changes  would  not  be  so  important  as  with  a  free  balloon  or  a 
dirigible  balloon.  Visibility  and  color,  however,  might  be  of 
more  importance.  The  question  of  lasting  qualities  is  almost 
always  important. 

It  has  been  possible  only  to  outline  in  these  few  paragraphs  the 
many  considerations  which  affect  the  choice  of  a  balloon  fabric. 
The  effect  of  radiation  upon  the  fabric  should  not  be  lost  sight  of 
in  any  case,  even  if  it  is  not  of  most  importance;  frequently  an 
improvement  of  the  fabric  in  thJs  respect  can  be  obtained  without 
the  sacrifice  of  any  other  desirable  characteristics. 

VIII.  SUMMARY 

The  object  of  this  paper  has  been  to  describe  briefly  the  effect 
of  solar  radiation  upon  balloons. 

Preliminary  to  the  subject  proper  a  summary  is  given  of  the 
characteristics  of  solar  radiation  and  atmospheric  conditions 
which  bear  directly  on  the  problem.  The  radiation  characteristics 
of  the  fabrics  themselves  are  then  discussed.  A  series  of  measiu-e- 
ments  on  typical  balloon  fabrics  showed  an  absorbing  power  for 
radiation  varjdng  from  45  to  95  per  cent.  The  fundamental  rela- 
tions governing  the  temperature  of  balloon  fabrics  when  exposed 
to  solar  radiation  are  outlined  and  the  application  of  these  to  the 
calculation  of  balloon  temperatiu^es  discussed.  Because  of  the 
multipUcity  of  factors  involved,  the  calculation  of  such  temperatures 
is  of  very  limited  value.  However,  by  means  of  measurements 
on  a  model  balloon,  the  magnitude  and  distribution  of  the  tem- 
peratures involved  in  both  gas  and  .fabric  are  well  illustrated. 
With  the  model  balloon  the  temperature  of  the  upper  surface  in 
bright  sunlight  was  frequently  over  60°  C.     The  rise  in  tempera- 
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ture  of  different  fabrics  above  that  of  the  atmosphere  when 
exposed  to  sunlight  under  certain  definite  conditions  varied  from 
20°  C  to  39°  C.  The  importance  of  the  radiation  factor  in  govern- 
ing buoyancy  changes,  in  causing  increased  permeability  of  the 
fabric  to  hydrogen,  and  in  its  effect  on  the  life  of  the  fabric  has 
been  emphasized.  In  the  selection  of  a  fabric  for  any  specific 
purpose,  the  effect  of  radiation  in  its  various  phases  should  always 
be  considered  and  given  due  weight. 

The  immediate  application  of  all  of  the  ideas  developed  here 
is,  of  course,  not  possible;  they  point  the  way  to  future  progress. 
It  seems  fairly  obvious  that  a  thorough  understanding  of  the 
effect  of  radiation  upon  balloons  will  be  essential  to  their  most 
rapid  and  scientific  development,  because  solar  radiation  is  so 
intimately  connected  with  many  phases  of  their  design  and 
operation. 

Washington,  January  21,  1919. 
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I.  INTRODUCTION 

In  connection  with  other  investigations  on  the  properties  and 
characteristics  of  chilled-iron  car  wheels  the  question  as  to  the  best 
range  of  annealing  temperatures  was  raised.  Chilled-iron  wheels 
are  cast  with  a  chill  against  the  tread  and  the  inside  of  flange,  the 
Femainder  being  in  sand.  The  composition  of  the  metal  is  so 
chosen  that  imder  these  conditions  the  tread  and  inside  of  the 
flange  will  show  white  iron  to  a  depth  of  from  ^  to  J4  inch,  the 
remainder  of  the  wheel  becoming  graphitized  or  gray.  In  order 
to  relieve  the  stresses  set  up  during  cooling  under  such  drastic 
conditions,  the  wheels  are  stripped  from  the  mold  while  still  red 
hot,  piled  in  a  soaking  pit,  and  allowed  to  cool  very  slowly  from 
their  temperature  at  stripping. 

Obviously  the  most  suitable  temperature  for  this  annealing  is 
the  highest  at  which  no  formation  of  graphite  occurs  within  the 
white  tread  and  at  which  the  wheels  can  be  stripped  from  the 
molds.  Inasmuch  as  no  direct  determinations  have  been  made  of 
the  temperatures  at  which  the  formation  of  graplute  takes  place 
in  white  iron  of  compositions  used  in  car  wheels  upon  annealing, 
it  was  considered  worth  while  to  determine  thiem  as  a  means  of 
establishing  the  maximum  temperatures  at  which  the  annealing 
of  the  wheels  may  be  carried  out.  In  the  course  of  this  work  some 
incidental  observations  were  made  which  are  of  interest  in  con- 
nection with  the  theory  of  graphitization  in  white  iron. 

The  literature  on  the  subject  of  the  formation  of  graphite  both 
during  cooling  at  casting  and  upon  annealing  is  very  extensive  and 
can  be  best  studied  by  reference  to  a  comprehensive  discussion 
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of  the  subject  by  Hatfield.'     Perhaps  the  most  important  contri- 
butions of  previous  investigation  are  the  following : 

1 .  Whether  a  given  mass  of  molten  iron  becomes  white,  mottled, 
or  gray  upon  casting  depends  upon  its  composition  and  its  rate  of 
cooling  through  the  temperature  range  of  solidification  and  im- 
mediately below. 

2.  The  more  rapid  the  rate  of  cooUng  the  less  is  the  extent  of 
graphitization. 

3.  Graphitization  increases  with  increase  of  carbon  or  silicon 
content ;  it  decreases  with  increasing  sulphur  content.  Manganese 
plays  a  double  role;  by  combining  with  the  sulphur  it  first  neu- 
tralizes the  specific  effect  of  the  sulphur;  an  excess  of  manganese 
restrains  graphitization. 

4.  Upon  annealing  irons  which  have  solidified  white,  the  com- 
bined carbon  decomposes  into  graphite  or  temper  carbon  at 
temperatiu-es  from  700  to  1100°  C,  depending  upon  the  period  of 
anneaHng  and  the  composition  of  the  metal.  Those  elements 
which  promote  graphitization  upon  casting  and  solidification 
promote  it  also  during  annealing  by  lowering  the  temperature 
range  within  wliich  decomposition  of  the  cementite  is  possible. 

5.  After  nuclei  of  graphite  have  once  formed,  further  graphitiza- 
tion proceeds  more  readily  and  at  lower  temperatures  than  in 
iron  of  the  same  composition  in  which  no  nuclei  are  present. 

II.  MATERIALS  AND  ANNEALING 

All  of  the  samples  used  in  these  experiments  were  most  kindly 
furnished  by  the  Griffin  Wheel  Co.  through  the  courtesy  of  F.  K. 
Vial.     Their  chemical  compositions  are  given  in  Table  i . 

TABLE  1. — Chemical  Compositions  of  Materials  Used 


Heater  series  No. 

Char- 
acter 

Total 
carlwn 

Grapliite 

Com- 
bined 
carl>on 

SiUcon 

Sulphur 

Phos- 
phorus 

Man- 
ganese 

I             

While... 
...do 

Per  cent 
3.67 
3.68 
3.78 
3.90 
3.66 

Per  cent 

0.04 

.09 

.02 

.02 
2.80 

Per  cent 

Per  cent 
0.57 
.55 
.57 
.64 
.63 

Per  cent 
0.178 
.163 
.100 
.204 
.185 

Per  cent 
0.34 
.33 

Per  cent 

0.53 

n 

.54 

CB     

..do     .. 

.63 

CF 

...do 

.63 

5      

Gray 

0.86 

.31 

.  58 

Those  samples  of  the  I  and  the  II  series  were  cast  in  green  sand 
as  %^-inch  cubes;  those  of  the  CB  and  CF  series  were  cast  in  a 
iron  chill  mold  as  cylinders  of  i-inch  diameter;  series  "  5  "  was  cast 

'  W.  H.  Hatfield,  Cast  Iron  in  the  Light  of  Recent  Research,  J.  B.  Lippincott  Co.;  1918. 
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in  dry  sand  as  a  ^-inch  cube.  Series  I,  II,  and  5  were  poured 
from  the  same  heat  of  metal. 

The  samples  were  annealed  in  an  electric  furnace  of  the  labo- 
ratory type  at  temperatures  and  for  periods  given  in  Tables  2,3, 
and  4.  In  the  earlier  part  of  the  work  the  specimens,  being  packed 
in  asbestos  fiber,  were  annealed  in  air.  It  was  found,  however, 
that  under  these  conditions  too  much  decarburization  took  place 
at  higher  temperatures,  and  the  samples  were  thereafter  annealed 
in  a  current  of  dry  nitrogen. 

In  order  to  keep  the  temperature  constant,  as  measured  by  a 
thermocouple  attached  to  the  specimen,  diiring  the  annealing 
period,  the  current  for  the  furnace  was  in  most  cases  supplied  by 
a  generator  with  a  Tirrell  regulator  giving  a  constant  voltage  to 
within  approximately  ±  i  per  cent.  In  this  manner  it  was  possible 
to  maintain  the  temperature  of  the  specimen  constant  during  the 
period  of  anneal  to  within  approximately  ±5°C.  The  authors 
wish  to  express  their  appreciation  of  the  aid  given  by  R.  W.  Wood- 
ward in  assembUng  the  furnace  for  anneaUng  and  the  current- 
regulating  apparatus. 

All  of  the  specimens,  with  the  exception  of  those  marked  in 
the  table,  air-cooled  or  quenched,  were  cooled  in  the  furnace  to 
room  temperature,  a  temperature  recorder  indicating  the  rate  of 
cooling. 

For  the  three  furnaces  used  these  cooling  rates  are  given : 


Furnace 


Time  required  to  cool 


From  800  to 
700°  C 


From  700  to 

300°  C 


(0)  Platinum  wound. 

(6)  Nlchrome 

(c)  Nichrome  tube 


Minutes 
19 


Minutes 
143 
70 
160 


The  furnace  used  for  each  specimen  is  stated  in  the  tables. 

The  graphite  content  of  the  annealed  specimens  was  determined 
by  a  modification  of  the  usual  method  developed  by  Dr.  E. 
Schramm,  who  made  many  of  the  analyses  reported  below.  The 
method  consists  in  dissolving  the  sample  in  nitric  and  hydro- 
fluoric acids  and  of  weighing  the  insoluble  residue  after  washing. 
As  a  check  the  residue  is  ignited  and  weighed  again.  The  total 
carbon  content  was  determined  by  combustion  and  the  combined 
carbon  calculated  by  differences. 
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The  results  of  all  of  the  determinations  are  given  in  Tables  2,3, 
and  4.  The  figures  in  parentheses  represent  values  obtained  on 
specimens  from  the  same  heat,  but  not  on  the  sample  opposite. 
The  results  are  also  summarized  in  Figs,  i  and  2. 

TABLE  2.— Annealing  of  White  Cast  Iron,  Series  I 

ANNEALED  6  HOURS  IN  PLATrNXJM-WOUND  FURNACE;  COOLED  IN  FURNACE 


Specimen 

Temperature 

Graphite 

Combined     1  _„,,,  ,„k~ 
carbon        |  ^<"^'  <="'™' 

lo 

°  C 

As  received 

700 

800 

820 

840 

860 

880 

900 

0  950 

950 

1000 

1000 

6  1000 

1100 

1,1100 

Per  cent 

0.05 

.05 

.09 

.12 

.40 

L31 

1.92 

2.74 

2.48 

2.85 

3.25 

3.27 

3.44 

2.56 

3.12 

Per  cent 

(3.  61) 

(3.61) 

(3.  55) 

(3.  52) 

(3.  24) 

(2.33) 

(1.72) 

(.90) 

(1-16) 

.74 

.26 

.34 

.20 

.70 

.52 

Per  cent 
(3.64) 

(3.64) 
(3.64) 
(3.64) 
(3.64) 
(3.64) 
(3.64) 
(3.64) 
(3.64) 
3.59 

IC 

ID 

mi 

IN  

lO 

IP              

IE 

IS            

IT 

IF 

3.51 

nF    

3.61 

rv            

3.64 

IG 

3.26 

lU 

3.64 

ANNEALED  48  HOURS  IN  NICHROME  FURNACE  IN  NITROGEN;    COOLED  IN  FURNACE 

IH  

700 
750 
775 
800 
900 
850 
C800 

0.20 
.35 
1.60 
2.90 
3.30 
3.21 
.74 

li                .               

IJ 

IL , 

IQ 

IK 

0.36 

as? 

o  Quenched  in  water.  '^  Annealed  in  nitrogen.  <"  Annealed  24  hours  and  cooled  in  furnace. 

TABLE  3. — Annealing  of  Gray  Cast  Iron,  Series  5 

ANNEALED  6  HOURS  IN  PLATINUM-WOUND  FURNACE;    COOLED  IN  FURNACE 


Specimen 

Temperature 

Graphite 

Combined 
carbon 

Total  carbon 

5 

"C 

As  received 
600 
700 
700 
800 
800 
900 
900 
olOOO 
01100 

Per  cent 

2.80 
2.87 
3.08 
3.02 
3.05 
a  08 
a  28 

Per  cent 

0.86 
(.83) 
(.62) 
.68 
(.641 
(.62) 
(.42) 

Per  cent 

3.66 

5F1 

5E1                            

5E2 

a  70 

5D1         

5D2 

5C1 

5C2                                                      

SB 

3  44 
2.98 

(.26) 
.66 

5A                        

164 

o  Annealed  in  nitrogen. 
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TABLE  4.— Annealing  of  White  Cast  Iron;  Series  CB  and  CF 

ANNEALED  6  HOURS  IN  NICHROME  FURNACE  IN  NITROGEN;  COOLED  IN  FURNACE 


Specimen 

Temperature 

Graphite 

CB 

°  C 

As  received 

720 

780 

820 

845 

850 

870 

890 

900 

920 

1020 

1120 

As  received 

720 

820 

840 

850 

855 

870 

890 

900 

920 

1020 

1120 

Per  cent 

0.02 

CB5...                

.02 

CBS 

.04 

GBl . . .                     

.83 

CB6 

2.59 

CBll  a 

2.80 

CB12  a 

3  38 

CB7 

3.50 

CB13  a 

3  51 

CB2 

3.45 

CB3 

3.42 

CB4 

3.25 

CF 

,02 

CFl 

.03 

CF8 

.13 

CF9 

.94 

2.03 

CF6 

2.21 

3.33 

CF7 .                  

3.45 

3.64 

CF3 .       .              

3.48 

CF4 '. 

3.72 

CF5 

3.47 

o  Annealed  in  ni chrome-tube  furnace. 

III.     DISCUSSION  OF  RESULTS 

It  will  be  obsen^ed  that  for  the  composition  I,  the  annealing 
or  graphitization  range  of  temperature  was  much  lower  for  the 
48-hour  annealing  period  (700  to  800°  C)  than  for  the  6-hour 
period  (800  to  950°  C).  The  range  is  also  narrower.  These 
facts  are  in  accord  with  experience  in  the  annealing  of  white  iron. 

Within  the  limits  of  such  composition  studied  the  effect  of 
variation  of  chemical  composition  upon  the  graphitization  range 
of  temperature  was  not  great.  The  effect  of  difference  in  total 
carbon  content  was  apparently  greater  than  that  of  difference  in 
sulphur  content.  Thus  both  Series,  CB  and  CF,  having  higher 
total  carbon  content  than  Series  I  or  II,  showed  a  complete  pre- 
cipitation of  temper  carbon  within  a  narrower  temperature  range 
than  did  Series  I  or  II,  although  the  temperature  of  incipient  de- 
composition was  very  nearly  the  same  in  all  cases  for  the  6-hour 
annealing  period.  The  effect  of  variation  of  sulphur  content  from 
o.  10  to  0.20  percent  was  overshadowed  by  a  variation  of  total  car- 
bon content  from  3.60  to  3.90  per  cent.     It  is  apparent  that  the 


8 


Technologic  Papers  of  the  Bureau  of  Standards 


manganese  present  in  all  of  the  specimens  was  sufficient  to  neu- 
tralize practically  entirely  the  effect  of  the  sulphur.  Microscopic 
examination  of  the  samples  confirmed  this  view  in  that  a  large 
amount  of  manganese  sulphide  was  visible.  From  the  standpoint 
of  the  commercial  anneahng  of  car  wheels,  the  usual  variations  in 
chemical  composition  will  not  be  of  any  significance.  The  effect 
of  period  of  anneaUng  is,  however,  quite  marked,  as  is  seen  from 
consideration  of  Fig.  i . 


JO 


a  2.0 


ForiLalion  o£ 
GrapJilte  upon  Annealing. 

Curve     C  Ita         S         SI 

O      J. 67     0.5}    0.176  0.57 

•     3.67    o.bi    0.178  0.57 
e      3.66    0.C18    0.is5  0.63 


700  soo 

TCiEparature   '•C 


Total   Car  ion 


Fig.  I. — The  formation  of  graphite  upon  annealing  white  cast  iron.     The  composition 
of  the  iron  is  given  in  the  upper  left  corner  of  the  figure 

The  maximum  allowable  temperature  for  "pitting"  wheels  is 
725°  C;  above  this  temperatmre  there  is  danger  of  some  softening 
of  the  tread  due  to  graphitization  during  annealing. 

It  is  noted  also,  in  entire  accord  with  previous  experience,  that 
during  a  6-hour  anneal  the  gray -iron  Series  5  of  the  same  heat  or 
composition  as  Series  I  or  II,  white,  begins  to  graphitize  further 
at  temperatures  lower  than  those  at  which  there  is  initial  graphi- 
tization of  the  white  iron. 

Attention  is  invited  to  the  curious  fact  indicated  in  the  figures, 
that  the  specimens  annealed  at  1 100°  C  and  cooled  in  the  furnace 
showed  less  graphite,  and  consequently  more  combined  carbon, 
than  those  annealed  for  the  same  period  at  1000°  C  and  cooled 


^ 


Bureau  of  Standards  Technologic  Paper  No.  129 


i^ 

W^ 

i'-lfX/^W^^^y^ 

^^-"^ 

w^ 

^^^ 

m 

7 

^m 

!^^;^* 

1 

%X4 

* 

Wm 

^^^ 

i^ 

j^'^'.^jp 

an^  -  .C^^^mn^^^H 

^W 

S^i-v^  -  '.-■^ 

t-SaskJ 

*S^^fc 

■^«y 

i^-^jf: 

Fig.   3. — Specimen   CBy   annealed  six         Fig.    4. — Spccirticn  LBp  annealed  six 
hours  at  1,020°  C.     y.100  hours  at  1,130°  C.     Xioo 


i^^^S^-r^*'^^^'' 

m 
mi 

^ 

"■iG.     5. — Speeimen    IF:    annealed    six 
hours  at  1,000°  C.     Xioo 


Fig.    6. — Speeimen    IV:    annealed 
hours  at  1,100°  C.      y.100 


Alicrostrueture  of  lehite  cast  iron  annealed  in  nitrogen:  all  specimens  etched  uith 
cent  nitric  acid  in  alcohol 
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at  the  same  rate.  This  fact  was  established  by  several  deter- 
minations, and  is  confirmed  by  microscopic  examination  of  the 
annealed  samples.  Figs.  3,  4,  5,  and  6  show  the  microstructure 
of  specimens  CB3,  CB4,  IF,  and  lU,  respectively,  after  annealing 
in  nitrogen.     Specimens  CB4  and  lU,  annealed  at  1100°,  have 
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Fig.  2. — The  formation  of  graphite  upon  annealing  white  cast  iron.     All  of  the  speci- 
mens were  annealed  for  6  hours;  their  compositions  are  given  on  the  figure 

In  Fig.  7  Is  reproduced  a  portion  of  the  equilibrium  diagram 
of  the  iron-carbon  alloys.  The  line  ES  represents  equilibrium 
between  cementite  (FejC)  and  solid  solution;  the  line  BJ,  which 
has  never  been  accurately  determined,  represents  the  stable 
equilibrium  between  graphite  and  solid  solution. 

Upon  anneahng  white  iron  at  increasingly  high  temperatures, 
the  free  cementite  is  first  decomposed  into  graphite,  and  the  total 
graphite  content  is  thus  increased.  At  a  sufficiently  high  tem- 
perature, about  1000°  C,  in  the  instances  described  above,  all  of 
the  free  cementite  has  been  decomposed,  and  equilibrium  obtains 
between  graphite  and  solid  solution  (line  BJ).  Thus,  at  1100° 
there  is  an  amount  of  carbon  in  solid  solution  equal  to  C'C,  at 
1000°,  an  amount  equal  to  F'F,  less  than  C'C.  The  graphite 
content  of  specimens  which  have  attained  equiUbrium  at  such 
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high  temperatures,  and  thereupon  been  quenched,  would  be  found 
to  correspond  to  these  amotmts,  as  they  were  in  one  experiment. 
Upon  cooling,  however,  at  a  more  moderate  rate,  there  is 
sufficient  time  for  crystallization  of  the  graphite  upon  the  nuclei 
already  present,  to  correspond  more  .closely  to  equilibrium  solu- 
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Fig.  7. — Portion  of  the  iron-carbon  equilibrium  diagram 

bility.  If  this  precipitation  were  complete  at  each  moment  and 
equiUbrium  obtained,  the  amount  of  combined  carbon  in  a 
sample  annealed  at  1100°  and  cooled  to  1000°  would  be  exactly 
equal  to  that  in  a  sample  annealed  at  1000°;  there  could  be, 
consequently,  no  difference  in  the  combined  carbon  content  of 
the  two  samples,  after  cooling  at  the  same  rate  from  this  tem- 
perature to  room  temperature. 

As  a  matter  of  fact,  there  is  a  marked  difference  between  the 
two  carbon  contents.     How  is  this  to  be  explained  ? 

It  is  often  held  that  graphitization  dinging  cooling  from  1 100°  to 
700°  C  is  due  to  the  formation  of  the  temper  carbon  from  cementite, 
wliich  has  previously  precipitated  along  the  line  ES,  and  that 
graphite  itself  can  not  form  directly  from  the  solid  solution.  vSuch 
a  theory  of  the  process  of  the  formation  of  graphite  is  not  capable 
of  explaining  the  phenomenon  described  above,  since  there  is  no 
free  cementite  found  after  cooling  from  high  temperatures.     The 
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decomposition  of  the  cementite  upon  its  appearance  must  therefore 
have  proceeded  promptly,  and  the  amount  of  pearlite  after  com- 
plete cooling  must  have  corresponded  to  the  amoimt  present  in  the 
pearUte  eutectoid. 

The  graphite  must  separate  directly  from  the  solid  solution, 
but  there  is  apparently  a  lag  in  its  separation  at  these  rates  of 
cooUng.  Thus  the  amount  of  combined  carbon  during  cooling  at 
any  instant  must  have  corresponded  to  some  such  values  as  lie  on 
the  line  CC"  upon  cooling  from  1000°,  and  upon  the  line  FF" 
upon  cooling  from  1000°.  At  the  temperature  of  intersection  of 
these  lines  with  the  pearHte  eutectoid  horizontal  all  of  the  cementite 
still  remaining  in  solid  solution  precipitates  as  pearlite.  The 
difference  in  the  amount  of  combined  carbon  left  after  cooling 
from  HOC  and  from  1000°  C  is  thus  explained  by  the  lag  in  the 
precipitation  of  the  graphite  along  its  equilibriiun  cm-\'^e. 

Since  the  amoimt  of  combined  carbon  finally  formed  as  pearUte 
in  this  manner  must  be  greater  than  the  amount  of  combined 
carbon  at  the  grapliite  eutectoid,  inasmuch  as  the  lines  FF"  and 
CC"  lie  to  the  right  of  line  BJ  of  graphite  equilibrium,  the  results 
given  above  would  seem  to  indicate  that  the  graphite  eutectoid 
lies  at  a  smaller  value  of  carbon  content  than  has  been  previously 
supposed.  At  least  this  is  true  unless  there  is  either  a  marked 
formation  of  graphite  eutectoid  at  these  rates  of  cooling,  or  as 
decomposition  of  pearlite  into  graphite,  both  rather  unlikely 
but  not  impossible  suppositions.  The  lowest  value  of  com- 
bined carbon  as  pearlite  in  annealed  and  slowly  cooled  specimens 
found  in  these  experiments  was  0.20  per  cent;  Guertler  in  his 
Handbuch  dei'  Metallographie  gives  0.70  per  cent  as  the  most 
likely  amount  of  carbon  in  the  graphite  eutectoid. 

The  authors  have  not  had  an  opportunity  to  continue  the  study 
of  this  phase  of  the  matter,  but  it  would  appear  that  further 
investigation  into  the  subject  of  graphitization  upon  annealing 
and  cooling  is  needed.  An  exact  determination  of  the  coiurse  of 
the  line  BJ  of  graphite  equilibrium  and  of  the  rate  of  precipitation 
of  graphite  at  different  temperatures  from  solid  solution  would 
be  of  much  practical  value  as  well  as  possess  scientific  interest. 

IV.  SUMMARY 

I .  The  annealing  or  graphitization  ranges  of  temperatures  were 
determined  for  three  different  compositions  used  for  car  wheels. 
The  temperature  of  initial  precipitation  of  temper  carbon  for  6 
hours  of  annealing  was  not  noticeably  affected  by  variation  of 
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sulphur  content  from  o.io  to  0.20  per  cent  or  by  variation  of  total 
carbon  content  from  3.60  to  3.90  per  cent,  although  the  effect  of 
greater  carbon  content  is  to  narrow  the  temperatiure  range  within 
which  graphitization  is  complete. 

2.  The  temperature  of  beginning  precipitation  of  temper 
carbon  was  about  830°  for  the  6-hoiu-  period  of  annealing,  and 
about  725°  C  for  the  48-hour  period.  The  maximum  allowable 
temperature,  therefore,  for  the  annealing  or  pitting  of  car  wheels  is 
about  725°  C. 

3.  After  complete  decomposition  of  all  free  cementite  by  anneal- 
ing at  from  1000  to  1 100°  C  and  cooling  at  equal  rates  in  a  labora- 
tory- electric  furnace  less  graphite  is  foimd  in  a  specimen  cooled 
from  a  1100°  than  in  one  of  tlie  same  composition  cooled  from 
1000°  C.  This  indicates  that  graphite  separates  directly  from  solid 
solution  upon  cooling,  when  its  nuclei  are  already  present. 

4.  The  fact  that  only  0.20  per  cent  of  combined  carbon  was 
foimd  in  some  specimens  after  annealing  at  high  temperatures  and 
cooling  slowly  in  the  furnace  would  indicate  either  that  the 
graphite  eutectoid  lies  at  much  lower  values  of  carbon  content 
than  has  been  previously  supposed,  that  there  is  at  those  rates  of 
cooling  a  direct  precipitation  of  graphite  eutectoid  or  that  there  is  a 
formation  of  graphite  from  pearlite  at  temperatures  directly 
below  that  of  its  formation. 

Washington,  February  12,  1919. 
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I.  INTRODUCTION 

This  investigation  was  preliminary  to  the  investigation  of  the 
fire-resistive  properties  of  full-size  building  columns,  and  was 
made  for  the  purpose  of  determining  the  heat-insulating  proper- 
ties of  the  materials  commonly  used  as  protective  coverings  for 
steel.  Under  many  conditions,  particularly  in  the  case  of  indus- 
trial furnaces,  ste^m-pipe  coverings,  etc.,  the  insulating  value  of 
a  material  depends  almost  wholly  on  its  thermal  conductivity. 
In  the  case  of  a  column  or  other  structural  unit  exposed  to  an 
accidental  fire,  a  different  problem  is  presented,  involving  several 
important  factors  in  addition  to  that  of  thermal  conductivit}-. 
An  accidental  fire  starts  with  all  the  materials  at  ordinary 
temperatures,  somewhere  in  the  neighborhood  of  20°  C  (68°  F). 
Atmospheric  and  surface  temperatures  increase,  in  the  case  of 
severe  fires,  to  as  high  as  1000°  C  (1832°  F)  or  even  higher. 
The  rise  in  temperature  may  be  fast  or  slow,  but  in  either  case 
the  fire  is  over  and  the  temperatures  drop  back  to  normal,  or 
nearly  so,  in  the  course  of  a  few  hours.  The  function  of  a  pro- 
tective covering  is  to  prevent  heat  from  reaching  the  load  bearing 
portion  of  the  column,  or  other  unit,  in  sufficient  amount  to 
raise  its  temperature  so  as  to  seriously  weaken  it,  either  perma- 
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nently  or  temporarily.  In  a  temporary  exposm-e  of  this  sort,  the 
insulating  efficiency  of  the  covering  material  depends  cliiefly 
upon  two  properties,  namely,  its  resistance  to  heat  flow,  which  is 
the  reciprocal  of  its  thermal  conductiA'ity,  and  its  ability  to 
absorb  or  its  tendency  to  generate  heat.  Heat  may  be  absorbed 
in  three  principal  ways: 

1.  As  sensible  heat,  taken  up  by  the  material  in  the  course  of 
its  rise  in  temperature. 

2.  As  latent  heat,  taken  up  by  the  evaporation  of  water. 

3.  As  the  heat  of  dissociation,  taken  up  by  endothermic 
chemical  reaction,  as  in  the  decarbonation  of  limestone  and  the 
dehydration  of  gj'psum. 

On  the  other  hand,  heat  may  be  released  within  the  material 
itself  in  one  or  more  ways,  but  principally  by  the  oxidation,  or 
even  combustion,  of  its  organic  constituents. 

Mathematical  calculations  necessary  for  the  comparison  of  the 
insulating  properties  of  materials  in  which  the  above  factors 
have  to  be  considered,  would  be  exceedingly  complex  even  if  the 
thermal  effects  of  these  and  other  progressive  changes  in  the 
materials  Vv^ere  known  quantitatively.  In  \-iew  of  these  con- 
siderations, it  was  regarded  as  essential  that  comparisons  be 
made  by  experimental  methods  rather  than  by  calculations 
involving  the  many  factors  to  be  taken  into  account.  The  most 
promising  method,  as  well  as  the  simplest,  seemed  to  be  that  of 
subjecting  specimens,  identical  in  form  and  size,  of  the  various 
materials  to  the  same  heat  treatment,  and  measuring  tempera- 
tures at  definite  points  within  the  specimens  while  the  tests  were 
in  progress.  It  was  believed  that  considerable  information 
regarding  the  characteristic  insulating  properties  of  various 
materials  would  be  derived  from  a  comparison  of  the  time- 
temperature  curv-es  obtained  in  this  way.  It  was  thought,  also, 
that  in  the  case  of  concrete  and  g}^sum,  information  would  be 
gained  bearing  on  the  extent  of  deterioration  in  load-bearing 
members  made  up  either  partially  or  wholly  of  these  materials. 

For  this  purpose  all  of  the  materials  to  be  tested  were  made 
up  into  specimens  in  the  form  of  soUd  cylinders,  8  inches  in 
diameter  by  16  inches  long,  each  provided  with  four  holes,  l4 
inch  in  diameter,  extending  through  the  piece  longitudinally,  for 
the  insertion  of  thermocouples.  These  holes  were  not  located  in 
one  plane,  but  were  staggered  to  such  an  extent  that  the  outer 
ones  would  not  effect  heat  flow  toward  the  regions  occupied  by 
the  inner  ones. 
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II.  FURNACE  USED  IN  THE  INVESTIGATION 

The  gas-fired  furnace  built  for  the  purpose  of  making  the  heat 
exposures  is  shown  iu  Figs,  i  and  2.  The  furnace  was  long 
enough  to  take  three  16-inch  cylinders,  placed  end  to  end  in  a 
horizontal  position.  The  test  specimen  was  placed  in  the  middle, 
with  a  similar  cyUnder  made  of  a  material  of  moderately  low 
thermal  conductivity,  such  as  cinder  concrete  or  fire  clay,  at  each 
end.  The  end  cylinders  served  to  minimize  end  flow  of  heat 
and  to  pro-vide  support  and  mechanical  protection  for  the  thermo- 
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couples.     The  three  cylinders  were  placed  with  their  ends  in 
contact  and  the  joints  were  covered  with  asbestos  cement. 

In  order  to  avoid  the  difliculties  which  would  attend  the  placing 
of  thermocouples  and  the  covering  of  joints  after  the  cylinders 
were  placed  in  the  furnace,  a  special  device  was  provided  on 
wliich  the  cylinders  could  be  set  up  outside  the  furnace,  and  then 
placed  inside  as  a  unit.  This  device  is  shown  in  Fig.  2.  It  con- 
sisted essentially  of  two  parallel  pieces  of  gas  pipe,  supported 
and  rigidly  held  at  one  end  by  a  small  roller  carriage  and  at  the 
other  by  a  wooden  yoke.     This  device  was  supported  on  a  narrow 
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table  which  had  a  hinged  top,  so  that  after  the  cylinders  were 
run  into  the  furnace,  the  table  top  could  be  tilted  in  order  to 
lower  the  carriage  end  of  the  cylinder  support  simultaneously 
with  the  yoke  end,  which  was  handled  by  a  man  at  the  other 
end  of  the  furnace.  This  made  it  comparati^'ely  easy  to  place 
the  three  cylinders  at  once  without  getting  them  out  of  alignment. 
The  furnace  was  heated  by  four  pairs  of  gas  burners  of  the 
blast  t}'pe.  One  pair  of  burners  was  located  in  the  top  of  the  fur- 
nace, one  pair  in  the  bottom  and  a  pair  in  each  side.  Each  pair 
was  placed  at  such  an  angle  that  the  line  of  discharge  was  approxi- 
mately tangential  to  the  perforated  guard  ring  sho-wn  in  Fig.  i. 
The  flames  from  successive  pairs  of  burners  impinged  obliquely 
on  the  sides,  top,  and  bottom  of  the  furnace,  flowing  annularly  in 
the  space  smrounding  the  guard  ring.  The  burners  were  so  placed 
that  all  discharged  in  the  same  direction  in  respect  to  the  guard 
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ring,  and  the  flames  from  successive  burners  followed  each  other 
around  imtil  their  force  was  spent,  after  which  the  heated  gases 
were  drawn  through  the  perforations  in  the  guard  ring  by  a  feeble 
stack  draft  and  passed  quietly  out  through  vents  at  the  ends  of  the 
furnace.  The  holes  in  the  guard  ring  were  located  at  such  an  angle 
that  the  tendency  of  the  moving  gases  was  to  glide  past  them 
rather  than  to  catch  on  their  edges  and  be  driven  forcibly  through 
toward  the  specimen.  This  arrangement  of  bimiers  and  guard 
ring  was  designed  to  prevent  the  local  inequalities  in  the  heat  dis- 
tribution which  would  result  if  the  flames  from  the  biuners  were 
permitted  to  impinge  against  the  specimen,  even  if  first  deflected 
by  baffles.  The  guard  ring  ser\-ed  the  further  purpose  of  screening 
the  specimen  from  the  effect  of  an  exchange  of  radiation  with  un- 
equally heated  surroimdings,  such  as  hotter  and  colder  spots  in 
the  furnace  lining.     Nearly  all  the  radiant  energy  received  by  the 
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Fig.  2. — Furnace  and  device  for  placing  specimens  in  furnace 
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specimen  came  from  the  guard  ring  which  was  itself  quite  luiiformly 
heated.  This  design  made  it  possible  to  obtain  fairly  satisfactory 
heat  distribution  in  a  fimiace  that  was  compact  and  easily  heated. 
The  type  of  gas  bmiier  used  is  shown  in  Fig.  3.  The  burners  were 
made  in  the  shop  of  the  Bureau.  Air  under  a  pressure  of  15  to  20 
pounds,  entering  through  the  inner,  |^-inch  pipe,  passed  through 
a  hole  in  the  cap  about  yi  inch  in  diameter,  forming  a  jet  which 
created  a  partial  vacuum,  sucking  in  more  air  through  the  openings 
in  the  ij/2-inch  outer  pipe,  or  barrel,  of  the  burner,  and  causing 
rapid  mixing  with  gas,  which  entered  through  the  ^'-inch  pipe 
shown.  Inasmuch  as  the  burners  had  to  be  operated  at  low 
capacity  at  the  beginning  and  again  near  the  end  of  the  bum,  per- 
forated caps  were  used  on  the  ends  of  the  barrels  to  prevent 
back  firing.  These  burners  were  capable  of  giving  good  combus- 
tion at  both  low  and  high  capacity,  which  was  essential  to  the  sort 
of  furnace  control  called  for  in  this  work. 

III.  TEMPERATURE  MEASUREMENTS 

Temperatures  within  the  specimen  were  measured  by  means  of 
thermocouples  at  points  ji,  \]A,  2%,  and  3>^  inches,  respectively, 
from  the  cylindrical  surface  of  the  specimen  midway  between  the 
ends.  Furnace  temperatures  were  measixred  at  one  point  above 
and  one  point  below  the  middle  of  the  specimen,  between  the 
specimen  and  the  guard  ring. 

Platinimi-platiniim-rhodium  thermocouples  were  used  and  in 
most  of  the  work  the  couples  extended  through  the  length  of  all 
three  cylinders,  the  positive  ends  extending  out  at  one  end  and  the 
negative  at  thex)ther.    Cold  jimctions  were  kept  in  ice  baths. 

The  thermocouples  were  protected  from  contamination  by  cov- 
ering that  portion  which  was  within  the  specimen  with  a  quartz 
tube  of  small  diameter.  The  holes  in  the  end  cylinders  were  en- 
larged somewhat,  at  the  end  next  to  the  specimen,  so  that  the 
quartz  tube  could  extend  a  short  distance  beyond  each  end  of  the 
specimen  without  serious  danger  of  being .  broken  by  a  slight 
rotation  of  any  cylinder,  in  placing  the  cylinders  or  removing  them. 
It  was  not  necessary  to  protect  the  thermocouple  wires  through 
the  end  cylinders  because  the  danger  of  contamination  in  the 
fire-clay  cylinders  or  in  clinker-concrete  cylinders  that  had  already- 
been  through  a  test  was  not  great. 

Temperature  records  were  made  by  a  Hartman  and  Braun 
sLx-point  recording  galvanometer.  The  thermocouples  differed 
somewhat  from  each  other  in  their  temperature  emf  relations. 
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They  were  calibrated  in  conjunction  with  the  recorder  by  com- 
paring with  a  standard  couple,  of  known  calibration,  in  the 
following  manner.  A  given  couple  was  placed  in  a  suitable  elec- 
trically heated  tube  fiunace,  together  with  the  standard  couple, 
both  being  so  placed  that  their  junctions  would  be  at  the  same 
temperature.  When  the  furnace  had  been  brought  to  a  given 
temperatiu'e,  this  temperature  was  held  nearly  constant,  and  at  a 
given  time  the  indication  of  the  standard  couple  was  read  on  a 
calibrated  potentiometer  indicator.  At  the  same  moment  a  switch 
was  opened  in  the  circuit  connecting  the  couple  which  was  being 
calibrated,  and  the  recorder  indicated  by  a  break  in  the  record 
the  time  at  which  the  reading  of  the  potentiometer,  in  circuit  with 
the  standard  couple,  had  been  made.  This  made  it  possible  for 
one  operator  to  make  a  satisfactory  calibration  of  the  thermocouple 
recorder  combination.  These  calibrations  were  repeated  in  the 
course  of  the  work  and  the  equipment  was  fomid  to  have  main- 
tained the  original  temperature-deflection  relations.  It  was  of 
course  necessary  to  convert  the  recorder  records  into  corrected 
temperature  records,  using  the  calibration  of  the  recorder  with  each 
individual  couple. as  a  basis  for  the  conversion.  In  order  to  ex- 
pedite this  part  of  the  work,  and  at  the  same  time  to  secure  more 
accurate  readings  than  could  otherwise  be  done  by  ordinary 
methods  of  reading  from  the  coarsely  ruled  recorder  charts,  the 
following  device  was  adopted.  For  each  individual  calibration  a 
curve  was  plotted,  using  temperatures  as  ordinates  and  recorder 
deflections  as  abscissas.  Each  of  these  curve  sheets  was  moimted 
on  card  board  and  a  portion  cut  away,  leaving  the  edge  of  the 
paper  identical  with  the  temperature-deflection  curve.  A  reference 
line  on  the  mounting  corresponded  to  the  zero  line  of  the  recorder. 
A  suitable  board  was  provided,  with  a  guide  along  the  left-hand 
edge  and  a  reference  Ime  on  the  board,  this  reference  line  being  so 
located  as  to  coincide  with  the  reference  line  on  the  mounting 
previously  referred  to.  To  use  this  conversion  cur\'e,  the  recorder 
chart  was  placed  on  the  board  with  its  zero  line  over  the  reference 
line  and  fastened  in  place  with  thumb  tacks.  The  mounted  curve 
was  then  placed  over  the  recorder  chart  and  against  the  guide.  To 
interpret  the  successive  punch  marks  on  the  chart,  the  conversion 
curve  was  moved  along,  vertically,  until  the  curve  covered  one  of 
the  dots,  while  the  corresponding  position  on  the  vertical  scale  of 
the  curve  sheet  gave  the  correct  temperature.  This  device  was  found 
to  be  a  satisfactory  time  saver,  as  corrected  readings  including  cor- 
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rections  for  both  the  recorder   and   the  thermocouple  could  be 
obtained  quickly  in  one  operation. 

IV.   TIME-TEMPERATURE     CURVE    FOLLOWED    IN    TESTS 

It  was  the  purpose  to  subject  all  specimens  to  the  same  heat 
exposure  so  as  to  obtain  comparable  records  from  all  materials. 
It  was  decided  to  use  a  rather  slow  temperature  rise  in  order  that 
none  of  the  specimens  should  spall  or  break  up  to  such  an  extent 
as  to  materially  affect  the  heat  flow,  and  so  render  comparisons 
of  insulating  properties  impossible.  The  furnace  temperatures 
were  accordingly  raised  at  a  nearly  uniform  rate  to  approximately 
927°  C  (1700°  F)  in  I  hoiur  and  30  minutes,  and  this  temperature 
was  then  held  as  nearly  constant  as  possible  for  2  hours,  giving 
an  exposure  of  3  hours  and  30  minutes,  at  an  average  furnace 
temperature  of  approximately  700°  C  (1,292°  F). 

V.   MATERIALS  TESTED 

The  materials  included  in  the  investigation  were  as  follows: 

1.  Clays  that  are  used  in  the  manufacture  of  hollow- tile  fire- 
proofing. 

2.  Concretes,  including  two  proportions,  with  each  of  a  number 
of  aggregates. 

3.  Gypsum  specimens  supplied  by  three  manufacturers.  The 
variables  included  kind  of  plaster,  kind  of  filler,  and  percentage 
of  water. 

4.  One  specimen  of  lime  mortar. 

5.  One  specimen  of  a  patented  material  called  "  Radix.  " 
Burned  clay  specimens  were  made  from  each  of  the  following 

raw  materials: 

1.  Specimens  Nos.  1122,  11 26,  and  11 28  were  from  clay  from 
the  works  of  the  National  Fireproofing  Co.,  at  Perth  Amboy, 
N.  J.  This  material  may  be  classed  as  an  impure  fire  clay. 
This  clay,  as  well  as  the  others  used  in  the  investigation,  is  used 
for  the  manufacture  of  hollow-tile  fireproofing,  as  stated  above. 

2.  Specimens  1136  and  1138  were  from  clay  from  the  Waynes- 
burg,  Ohio,  plant  of  the  Whitacre  Fireproofing  Co.  This  ma- 
terial is  a  plastic,  coal-measm^e  fire  clay,  commonly  known  as 
a  No.  2  fire  clay.  The  material  supplied  was  groimd  at  the 
factory,  ready  for  tempering. 

3.  Specimens  Nos.  1141,  1142,  and  11 43  were  from  clay  from 
the  Chicago  plant  of  the  Whitacre  Fireproofing  Co.  This  is  a 
plastic  surface  clay. 

116616°— 19 2 
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VI.  MAKING  AND  BURNING  OF  CLAY  SPECIMENS 

The  clay  cylinders  were  made  and  burned  in  the  laboratories 
of  the  Bureau  of  Standards,  at  Pittsburgh,  and  the  equipment  of 
the  Clay  Products  Section  was  used  for  tempering,  drying,  and 
burning.  The  clay  was  tempered  to  the  consistency  commonly 
referred  to  as  stiff  mud  and  molded  by  ramming  in  wooden  molds. 
Holes  for  thennocouples  were  provided  for  by  means  of  suitably 
placed  rods,  of  }i-vach.  steel.  After  the  mold  was  filled  the  rods 
were  withdrawn.  After  molding,  the  cylinders  were  carefully 
dried  and  then  burned.  These  specimens  were  much  thicker  than 
the  walls  of  the  ware  commonly  made  from  these  materials  and  a 
long  time  was  found  to  be  required  for  proper  oxidation  in  bmning. 
Although  the  necessary  time  was  given  and  care  was  taken  in  the 
entire  burning  process,  all  of  the  specimens  were  cracked,  to  some 
extent,  in  the  burning.  The  Chicago  clay,  being  of  a  nattire  which 
will  not  stand  burning  to  as  high  temperature  as  the  others,  was 
given  a  light  bum,  perhaps  too  light  to  make  the  comparison  of  the 
insulating  properties  of  the  three  clays  strictly  fair,  inasmuch  as 
it  may  be  that  the  greater  porosity  of  the  specimens  from  the 
Chicago  clay  was  due  in  part  to  the  lighter  burning.  The  Perth 
Amboy  and  the  Waynesburg  clays  were  burned  together  and 
both  were  given  what  was  considered  a  fairly  hard  bmn.  The  dif- 
ference in  porosity  in  the  burned  specimens  from  these  two  clays 
is  attributable  to  the  nature  of  the  clays.  The  differences  seen 
in  the  diameters  of  the  different  burned  clay  specimens  are  due 
to  differences  in  shrinkage,  as  all  specimens  were  made  in  the 
same  mold. 

VII.  KINDS  OF  CONCRETE  INCLUDED 

As  shown  in  Table  i ,  the  list  of  concretes  includes  1:2:4  and 
1:3:6  mixtures  with  gravel,  cinders  of  several  grades,  lime- 
stone, trap  rock,  and  blast  furnace  slag  as  aggregates.  One  set 
of  specimens  was  made  with  cement  and  cinders,  without  sand; 
and  another  set  was  made  from  1:3:6  gravel  concrete,  in  which 
15  per  cent  of  the  cement  by  weight  was  replaced  by  hydrated 
lime. 
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Universal  Portland  Cement  and  Pittsburgh  river  sand  of  a  grade 
commonly  used  in  concrete  were  used  throughout  the  series. 

The  gravel  was  the  Pittsburgh  washed  river  gravel  commonly- 
used  in  the  Pittsburgh  district  for  concrete.  This  gravel  is  fairly 
well  graded.  It  is  rather  coarse  for  reinforced  concrete,  although 
it  is  quite  generally  used'  for  such  work.  For  this  investigation 
the  dried  gravel  was  passed  over  a  J^-inch  screen  to  remove  a 
variable  quantity  of  fme  material. 

The  Pittsburgh  gravel  is  made  up  of  pebbles  which  obviously 
vary  considerably  from  each  other  in  both  fonn  and  composition. 
Among  them  is  found  a  fair  proportion  of  rather  thin  oval  ones 
that  are  seen  to  be  sandstone  pebbles.  Some  of  these  are  moder- 
ately soft  and  weak.  There  is  also  a  considerable  proportion  of 
more  nearly  round,  harder  pebbles,  varying  in  color,  and  presuma- 
bly in  composition,  but  tmdoubtedly  high  in  quartzose  consituents. 
Scattered  among  the  pebbles  included  in  these  two  classes,  there 
are  a  few  rounded,  rather  small  ones,  light  in  color  and  rather 
coarsely  crystalline,  which  are  composed  of  vein  quartz,  and  an 
occasional  specimen  of  a  dark-colored  variety,  the  individual 
pebbles  of  which  are  rather  small,  rounded,  and  composed  of 
cherty  material.  Like  most  gravels,  this  material  is  of  a  compo- 
sition which  is  favorable  to  destructive  expansion  when  exposed  to 
severe  heat.  It  may  be  said,  however,  that  the  supply  of  gravel 
used  in  this  investigation  contained  a  higher  proportion  of  the 
sandstone  pebbles  and  less  of  those  of  nearly  pure  quartz  than  some 
of  the  gravel  used  in  the  Pittsburgh  district. 

Cinders  were  obtained  from  boilers  using  bituminous  coal  from 
the  Pittsburgh  seam.  The  clinkers  for  specimens  ISTos.  1232  to  1244 
were  prepared  from  the  boiler  refuse  by  screening  out  the  fines 
through  a  >^-inch  screen  and  picking  out  the  larger  pieces  of  coke 
by  hand.  The  large  pieces  of  fused  cinder  were  broken  up  and  in- 
cluded, together  with  additional  fused  material  that  was  picked 
out  from  the  general  pile  and  crushed.  This  produced  an  aggregate 
that  was  practically  free  from  ashes,  low  in  cpmbustible  material, 
and  high  in  fused  cinders.  It  represents  something  of  considerably 
better  grade  than  would  ordinarily  be  secured  commercially  from 
bituminous  coal  furnace  refuse. 

Cinders  for  specimens  Nos.  1291  and  1292  were  obtained  from 
the  same  sort  of  boiler  refuse  as  that  just  referred  to,  but  were 
prepared  by  passing  over  a  X-inch  screen  to  remove  the  fines  and 
then  breaking  up  the  large  pieces  to  sizes  that  would  pass  a  i^- 
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inch  screen.  This  aggregate  contamed  a  large  proportion  of  com- 
bustible material,  largely  in  the  form  of  soft  coke. 

The  aggregate  for  No.  1291a  was  unscreened,  pile-run  material, 
with  the  large  pieces  reduced  to  pass  through  a  i  y^-mch.  screen. 

The  limestone  aggregate  was  obtained  from  quarries  at  West 
Winfield,  Pa.  It  was  a  fairly  well  graded  aggregate,  practically 
all  of  which  would  pass  a  i-inch  screen.  The  West  Winfield 
material  is  high  calcium  limestone. 

The  trap  rock  was  of  a  grade  used  for  concrete  in  the  New  York 
City  district.  That  supplied  for  this  work  was  rather  coarse  and 
not  well  graded. 

The  slag  aggregate  was  of  a  grade  obtained  from  piles  or  banks  of 
blast-furnace  slag  in  the  Pittsburgh  district.  The  bank  slag  had 
been  crushed  and  sized  and  was  well  graded. 

The  lime  hydrate  used  in  the  concrete  for  specimens  1281  to 
1283  was  a  composite  of  several  brands  of  hydrate,  all  of  which 
would  pass  the  specifications  of  the  National  Lime  Manufa.cturers' 
Association. 

The  lime-mortar  specimen  was  made  from  a  mixture  of  Speed 
brand  lime  hydrate,  which  is  a  high  calcium  hydrate,  with  Pitts- 
burgh sand,  in  the  proportion  of  1:4,  by  weight. 

The  concrete  specimens  were  made  up  in  the  laboratory  of  the 
Cement  Section  of  the  Bureau  of  Standards,  at  Pittsburgh,  by  men 
experienced  in  such  work.  Mixing  was  done  by  hand.  Approxi- 
mately the  same  consistency  was  maintained  throughout  the  series. 
The  concrete  was  made  soft  enough  for  good  working  qualities 
and  was  of  about  the  consistency  secured,  with  dry  materials,  by 
the  addition  of  8  per  cent  of  water  in  the  making  of  1:2:4  and 
1:3:6  gravel  concretes.  The  specim.ens  were  made  in  iron  molds 
in  which  i^-inch  rods  were  suitably  placed  to  provide  the  holes 
for  the  thermocouples.  The  rods  were  withclraAvn  before  the  spec- 
imens were  removed  from  the  molds.  The  cylinders  were  left  in 
the  molds  for  24  hom's  and  then  stored  for  6  days  in  a  damp  closet, 
after  which  they  were  kept  in  a  steam-heated  work  room,  at  or- 
dinary ten-'peratures.  This  does  not  apply  to  the  specimens  in  that 
part  of  the  series  from  No.  1254a  to  No.  i256d,  inclusive,  which 
were  given  different  seasoning  conditions  for  the  purpose  of  in- 
vestigating the  effect  of  these  conditions  on  the  thermal  prop- 
erties of  the  concrete. 

Specimens  No.  1254a  to  No.  i254d  were  kept  in  the  molds 
for  24  hours  and  then  in  a  damp  closet  for  the  remainder  of  a  sea- 
soning period  of  approxim.ately  3  months. 
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Specimens  No.  1255a  to  No.  1255(1  were  kept  in  the  molds 
for  24  hours,  in  the  damp  closet  for  6  days,  and  in  a  work  room, 
at  ordinary  temperatures,  for  the  remainder  of  approximately 
3  months. 

Specimens  No.  1256a  to  No.  i256d  were  kept  in  the  molds 
for  24  hours,  in  the  damp  closet  for  6  days,  and  for  the  remainder 
of  approximately  3  months  in  oil-sealed  cans  in  which  the  humid- 
ity was  kept  low  by  means  of  sulphuric  acid  contained  in  beakers. 

All  the  gypsum  specimens  were  made  by  manufacturers  of 
gypsum  products  and  sliipped  from  the  factories  to  the  laboratory, 
where  they  were  at  once  uncrated  and  stored  at  ordinary  temper- 
atures for  several  months  before  test.  The  assumption  that  they 
had  sufficient  time  for  drying  before  test  is  confirmed  by  the 
weights  of  the  specimens  immediately  before  testing. 

The  lime-mortar  specimens,  only  one  of  which  was  tested,  were 
made  in  the  laboratory  of  the  L,ime  Section  of  the  Bureau  of  Stand- 
ards. They  were  made  of  a  consistency  somewhat  dryer  than  usual 
lime-mortar  consistency.  The  mortar  was  tamped,  like  concrete, 
into  iron  molds,  and  left  for  about  three  days,  after  wliich  the 
cylinders  were  taken  out  and  set  on  end  in  a  tray,  in  the  labora- 
tory, where  they  were  saturated  with  water  at  frequent  intervals 
dining  the  first  month  and  less  frequently  for  the  next  several 
weeks,  to  promote  setting.  For  tliree  months  before  testing  they 
were  allowed  to  dry  at  laboratory  temperatures.  A  sample  from 
the  interior  of  a  duplicate  of  the  specimen  tested,  taken  of  coiurse 
from  the  unbumed  cylinder,  showed  the  following  content  of 
water  and  CO2,  which  serves  as  an  index  to  the  extent  of  setting 
and  the  extent  lo  which  the  free  water  had  been  dried  out:  CO^, 
2.01  per  cent;  H^O,  driven  off  at  100°  C,  1.90  per  cent;  H,0, 
driven  off  at  above  100°  C,  7.16  per  cent. 

The  Radix  specimen  was  made  by  the  manufacturers  and 
shipped  to  the  laboratory,  where  it  was  stored  for  several  months 
at  ordinary  temperatures,  and  had  attained  a  condition  of  nearly 
constant  weight. 

VIII.  THERMAL  BEHAVIOR  OF  THE  MATERIALS 

The  characteristic  heating  curves  for  the  different  classes  of 
materials  included  in  the  investigation  are  shown  in  Figs.  4  to  10. 

Specimens   Nos.    1136    (Fig.   4)    and    1142    (Fig.    5)    represent 

extremes  among  the  clay  specimens,  the  former  being  made  from 

a  dense  burning  clay,  and  burned  hard,  whereas  the  latter  was  a 

light-burned  specimen,   made  from  a  porous  burning  clay.     It 
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is  consistent  with  theoretical  considerations  and  vnth  data  avail- 
able on  the  thermal  conductivity  of  burned  clays,'  to  assume  that 
the  burned  clay  bodies  of  higher  porosity  ai'e  of  lower  thermal 
conducti\'ity  than  those  of  greater  density.  This  is  consistent 
with  the  relative  rates  of  temperatiu-e  rise  shown  on  the  cm^^e 
sheets  for  these  two  specimens,  for,  as  is  showTi  in  Table  i,  the 
porosity  of  specimen  No.  1136  was  only  4.65  per  cent,  as  against 
36.7  per  cent  in  the  case  of  No.  1142. 
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Fig.  4. — Temperature  progress  in  specimen  Ii^,  a  dense  clay  specitnen 

In  the  cur\-e  sheets  for  the  two  concrete  specimens  Nos.  121 1 
(Fig.  6)  and  i255d  (Fig.  7),  there  is  seen  a  pronounced  lag  at 
100°  C  (212°  F).  This  is  attributable  to  the  absorption  of  heat 
by  evaporation  of  water.  Other  changes  taking  place  in  the 
specimen  at  this  stage  of  the  test  imdoubtedly  had  some  influence 
on  tlie  temperatiu"e  progress,  but  since  it  was  observed  that 
steam  was  given  off  freely  by  the  concrete  specimens  in  the  early 


*  Conductivity  o(  Refractory  Materials,  Dougill.  Hodsman.  and  Cobb.  Jour.  Soc.  Chem.  Ind. ,  S4,  p.  468: 
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part  of  each  test,  and  since  there  is  such  a  well-defined,  break  in 
the  curves,  particularly  in  those  for  the  greater  depths,  at  approx- 
imately 100°  C,  it  seems  reasonable  to  regard  this  as  an  evapor- 
ation or  boiling-point  lag.  Whatever  changes  take  place  in  the 
concrete  in  the  latter  part  of  the  tests  are  not  shown  by  further 
distinguishable  breaks  in  the  curves. 

These  tvro  charts  show  a  significant  difference  between  the  rate 
of  temperature  progress  in  the  gravel  concrete  and  in  the  lime- 
stone concrete,  the  limestone  concrete  heating  up  more  slowly 
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Fig.  5. — Temperature  progress  in  specimen  1142,  a  porous  clay  specimen 

than  the  gravel.  The  same  tendency  is  fcrund  in  the  data  given 
in  Table  i  and  will  be  discussed  in  connection  with  those  data. 
In  the  curves  for  gypsum  specimens  Nos.  1443  (Fig.  8)  and  1472 
(Fig.  9)  there  is  seen  an  important  temperature  lag  taking  place 
within  the  specimens  at  approximately  105°  C,  which  is  the 
evident  effect  of  the  dehydration  of  the  gypsum,  vv'liich  is  known 
to  take  place  rapidly  at  107°  C  at  ordinary  atmospheric  pressures. 
The  extent  of  this  lag  indicates  that  the  heat  absorbed  in  the 
process  of  decomposition  of  the  gypsum  is  an  exceedingly  potent 
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factor  in  retarding  temperature  rise  through  the  g^'psum  specimens. 
Tiiis  is  strikingly  shown  by  the  contrast  between  these  curves  and 
those  for  the  second  bum  of  No.  1491  (Fig.  10).  Tliis  specimen 
made  about  an  average  sho-ning  in  its  first  bum.  Instead  of 
being  removed  from  the  furnace  after  the  test,  it  was  left  in  place 
and  given  a  second  test  next  day.  The  showing  of  the  second 
test  was  undoubtedly  influenced,  in  a  measiwe,  by  the  reduced 
size  of  the  specimen,  due  to  slirinkage,  and  by  the  cracks  wliich 
were  produced  in  the  specimen  in  the  first  test,  but  it  seems 
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Fig.  6. — Temperature  progress  in  specimen  1211,  a  gravel  concrete  specimen 

probable  that  most  of  the  contrast  is  due  to  the  heat  absorbed  by 
the  dissociation  of  the  gypsimi,  which  took  place  almost  wholly 
in  the  first  bmn. 

Data  collected  from  the  temperatm-e  records  of  the  tests  have 
been  tabulated  as  presented  in  Tables  i  and  2  with  a  view  to 
showing,  as  clearly  as  possible: 

I.  The  relative  amounts  of  protection  that  would  be  afforded 
small  steel  reinforcement  embedded  in  masses  of  the  various 
materials.     This  is  indicated  by  the  time  required  for  a  temper- 
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ature  of  600°  C  to  be  attained  at  depths  oi  lyi  and  2,1^  inches. 
The  temperatiu-e  of  600°  C  is  selected  as  a  danger  point  for  steel, 
•  based  on  the  results  of  a  preliminary  investigation  made  by  Dr. 
C.  W.  Kanolt,  in  the  Bureau  of  Standards,  which  showed  that 
steel  tubes,  tested  at  various  temperatures,  in  compression,  had 
lost  approximately  50  per  cent  of  their  strength  at  635°  C.  Perrine 
and  Spencer^  found  that  steels  tested  in  tension  lost  50  per  cent 
of  their  strength  at  temperatures  lower  than  540°  C. 
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Fig.  7. — Temperature  progress  in  specimen  12S5-D,  a  limestone  concrete  specimen 

2.  The  relative  amounts  of  protection  that  would  be  afforded 
by  these  materials  to  larger  masses  of  steel,  such  as  steel  columns, 
and  the  relative  protections  afforded  the  inner  portion  of  a  mass 
of  concrete,  such  as  a  column,  or  a  mass  of  gypsum,  such  as  a 
floor  slab,  by  the  outer  portion  of  the  same  mass.  This  is  indi- 
cated by  the  temperatiu-e  distribution  through  the  specimens  at 
the  end  of  3  horn's  and  30  minutes. 
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These  tables  show  that  the  length  of  time  required  for  a  tem- 
perature of  600°  C  to  be  attained  at  a  depth  of  i>^  inches  does 
not  vary  greatly  in  the  clay  and  concrete  specimens.  The  gyp- ' 
sums  are  seen  to  be  distinctly  better  than  the  clays  and  concretes 
in  tliis  respect,  only  one  of  them  reaching  the  temperatiu-e  of 
600°  C  at  a  depth  of  i  K  inches  in  the  3  ^-hour  test.  The  show- 
ing of  the  lime  mortar  is  similar  in  this  particular  to  that  of  the 
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Fig.  8. — Temperature  progress  in  specimen  1443,  a  gypsum  specimen  from  a  mixture  of 

60  plaster,  40  water 

clays  and  the  concretes  and  that  of  the  Radix  is  as  good  as  that 
of  the  gypsums. 

Contrasts  are  somewhat  greater  among  the  clays  and  concretes 
in  respect  to  the  time  required  to  reach  600°  C  at  a  depth  of  2>^ 
inches.  The  poorest  showings  in  this  respect  were  made  by  the 
denser  clays.  Slightly  more  contrast  would  have  been  shown 
between  the  Perth  Amboy  and  the  Waynesburg  clay  specimens 
had  the  Perth  Amboy  specimens  not  been  smaller  than  the  others, 
on  accoimt  of  greater  shrinkage  in  manufactiu'e.     The  showing  of 
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the  most  porous  clay  is  seen  to  be  about  on  a  par  with  that  of  the 
general  run  of  the  concretes.  Among  the  concretes,  the  differ- 
ences in  the  time  required  to  reach  600°  C  at  the  depth  of  2^ 
inches  is  not  great,  and  some  of  the  observable  differences  are 
attributable  to  higher  average  furnace  temperatures  throughout 
some  of  the  burns  than  in  others.  There  seems,  however,  to  be 
fairly  consistent  evidence  against  the  gravel  concretes  and  those 
from  the  soft-coal  cinders  in  this  respect.  In  the  case  of  the 
cinders  the  poor  showing  is  largely  attributable   to  the  fact  that 
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Fig.  9. — Temperature  progress  in  specimen  1472,  a  gypsum  specimen  from  a  mixture  of 

40  plaster,  60  water 

some  of  the  specimens  were  of  very  rough,  open  structure,  and  all 
specimens  contained  a  large  content  of  combustible  material. 

None  of  the  gypsum  specimens  reached  the  600°  C  mark  at  the 
2 >^ -inch  depth.  This  does  not  apply  to  the  gypsum  specimens 
that  were  burned  a  second  time,  and  which  should  not  properly 
be  considered  in  this  comparison.  The  Ume-mortar  specimen 
made  a  better  showing  in  this  part  of  the  comparison  than  the 
clays  and  concretes,  but  not  as  good  as  the  gypsums.  The  Radix 
specimen  did  not  reach  600°  C  at  this  depth  in  3K  hours. 

In  application,  the  indications  are  that  small  steel  reinforcement 
embedded  in  concrete  would  fare  almost  as  well  at  a  depth  of  i  >^ 
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inches  in  one  of  the  concretes  as  in  another,  provided  there  were 
no  spalUng  or  breaking  off.  It  is  perhaps  better  not  to  extend 
the  application  of  this  part  of  the  comparison  to  the  clays,  for 
the  reason  that  steel  reinforcement  is  not  commonly  embedded  in 
clay  in  structm^al  work.  It  is  ob\'ious  that  the  gypsums  indicate 
better  protection  for  small  embedded  steel  at  a  depth  oi  lyi 
inches  than  do  the  concretes,  assuming  again  that  the  material 
stays  in  place.     The  indication  of  the  lime  mortar  is  that  a  thick- 
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Fig.  io. — Temperature  progress  in  the  second  burn  of  specimen  14QI,  a  gypsum  specimen 

ness  oi  ij4  inches  of  lime-mortar  plaster  on  a  reinforced  concrete 
structural  member  would  afford  approximately  the  same  amount 
of  protection  as  an  equal  thickness  of  concrete,  if  both  were  to 
stay  in  place.  The  Radix  specimen  makes  the  same  showing  as 
the  gypsums  in  this  respect,  600°  C  not  having  been  reached  at 
this  depth. 

I,t  is  obvious  that  the  gravel  and  cinder  concretes  afford  some- 
what poorer  protection  for  steel  reinforcements  at  a  depth  oi  2)4 
inches  than  do  the  other  concretes.     It  should  be  taken  into  con- 
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sideration,  however,  that  this  does  not  apply  to  what  has  been 
termed  cHnker  concrete,  and  that  none  of  the  aggregates  pre- 
pared from  boiler  furnace  refuse  can  properly  be  classed  as  repre- 
sentative cinder  aggregates.  In  fact  it  is  doubtful  if  there  is 
such  a  thing  as  a  representative  soft-coal  cinder  aggregate. 

At  the  2j/2-inch  depth  the  lime-mortar  specimen  indicated  pro- 
tection somewhat  superior  to  that  of  the  concretes  as  a  protecting 
material  for  steel  reinforcement. 

Obviously,  the  gypsum  specimens  and  the  one  of  Radix,  having 
failed  to  reach  600°  C  at  a  depth  of  i^  inches,  were  far  from 
reaching  it  at  a  depth  of  2>^  inches  and  indicate  distinctly  supe- 
rior thermal  protection  for  embedded  steel. 

Since  only  one  of  the  gypsum  specimens  reached  the  600°  C 
point  within  the  specified  time  at  the  1 3^ -inch  depth,  it  seems 
desirable  to  make  comparison  among  the  various  mixtures  of 
gypsum  included  in  respect  to  the  temperatures  that  were  reached 
at  this  depth  in  this  time.  Materials  from  two  districts  are  rep- 
resented and  an  additional  variable  was  introduced  by  the  use 
of  fillers.  In  regard  to  the  latter  the  quantity  of  filler  did  not 
appear  to  be  sufficient  to  have  an  appreciable  effect  in  the  tem- 
perature rise  in  the  specimens  containing  it.  The  two  principal 
variables  in  the  gypsum  series  were  therefore  the  quality  of  the 
raw  material  and  the  proportions  of  plaster  and  water  in  the 
mixtures.  Careful  study  of  the  data  fails  to  discover  any  con- 
sistent, significant  difference  in  the  showing  made  by  materials 
from  different  parts  of  the  country.  There  is,  however,  a  fairly 
consistent  tendency  shown  in  respect  to  the  proportions  of  plaster 
and  water  in  the  mixtures.  It  will  be  noted,  particularly  in  the 
last  two  series,  where  the  range  is  greater  than  in  the  first  series, 
that  the  lowest  temperatures  were  attained  at  the  i  ^-inch  depth 
in  those  specimens  having  the  greatest  proportion  of  plaster, 
namely,  60  plaster  to  40  water.  In  other  words  the  heavier, 
denser  specimens  did  not  reach  as  high  temperatures  at  this 
depth  as  the  lighter,  more  porous  ones.  In  those  proportions 
approximating  50  plaster  to  50  water  the  tendency  did  not  seem 
to  be  consistent,  specimens  1481  to  1484  showing  lower  tem- 
peratures than  the  slightly  denser  ones  1491  to  1493.  The  same 
is  seen  in  specimens  1451  to  1463.  In  the  case  of  specimens  1471 
to  1473  it  is  indicated  that  the  further  reduction  in  density 
results  in  higher  temperatures  than  those  shown  by  the  specimens 
of  intermediate  densities  in  the  same  series,  in  which  the  range 
of  proportions  is  from  60  plaster  to  40  water,  to  40  plaster  to  60 
water. 
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The  fact  that  the  mixtures  containing  the  highest  percentage  of 
plaster  did  not  attain  as  high  final  temperatures  at  the  depth  under 
consideration  as  those  containing  lower  pei'centages  of  plaster,  shows 
that  the  greater  heat-absorbing  capacity  of  the  densest  members  of 
the  series  more  than  offsets  the  lower  thermal  conductivity  which 
may  be  assumed  in  the  case  of  the  more  porous  ones.  Those  speci- 
mens which  had  most  plaster  in  the  mixture  had  most  combined 
water  to  be  driven  off,  and  also  had  the  greatest  weight  of  material 
to  absorb  heat  in  the  sensible  form  with  increase  of  temperature. 
It  is  hardly  necessary  to  point  out  the  practical  application  of  this 
comparison,  which  is,  of  course,  that  within  the  range  of  proportions 
of  plaster  and  water  here  represented,  there  is  nothing  gained  in  the 
way  of  fire-resisting  properties  by  making  gypsum  products  porous 
rather  than  dense.  The  heavier,  denser  material,  which  has 
greater  strength  than  that  which  is  lighter  and  more  porous,  is  the 
better  heat  insulator,  according  to  the  results  of  these  tests.  The 
evidence  obviously  is,  therefore,  that  from  the  standpoint  of  fire 
protection  it  is  bad  practice  to  sacrifice  strength  for  the  sake  of  the 
lower  thermal  conductivity,  which  is  offset  by  other  thermal  factors. 

IX.  PROTECTION  OF  LOAD-BEARING  MEMBERS 

As  has  been  suggested,  some  information  as  to  the  relative 
abilities  of  these  various  materials  to  protect  load-bearing  members, 
such  as  those  of  steel  or  concrete,  may  be  gained  from  the  data 
on  the  temperatures  attained  in  the  interior  of  the  specimens, 
particularly  at  the  depth  of  2,/2  inches.  The  constrasts  shown  by 
the  clay  specimens  in  this  respect  are  rather  striking,  the  clay 
specimens  of  the  highest  porosity  showing  temperatures  more  than 
ioo°  C  lower  than  those  of  greater  density.  It  is  seen  also  that 
specimens  No.  1141  to  1143  have  maintained  lower  temperatiu-es 
at  this  depth  than  most  of  the  concretes.  These  comparisons 
support  the  more  or  less  generally  accepted  belief  that  porous  clay 
protective  coverings  are  better  than  dense  ones  in  respect  to  their 
ability  to  retard  heat  flow,  and  the  indications  of  these  data  are 
that  differences  in  porosity  are  of  even  greater  importance  than  is 
commonly  supposed. 

Among  the  concretes,  those  from  gravel  and  cinder  aggregates 
show  the  highest  final  temperatures  and  the  limestone  concretes 
the  lowest.  It  should  be  repeated,  in  this  connection,  that  those 
concretes  here  termed  "cinder  concretes"  had  a  considerable 
content  of  combustible  material,  largely  in  the  form  of  soft 
coke,    which   presumably   contributed   to   the   comparative    ra- 
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pidity  of  the  temperature  rise  by  its  own  combustion. 
The  consistently  lower  final  temperature  shown  by  the  lime- 
stone concrete  specimens  is  rather  surprising,  in  view  of  the 
fact  that  limestone  concrete  is  not  generally  regarded  as 
particularly  good  concrete  for  fire-resistive  construction.  In 
these  tests  the  limestone  concrete  seems  to  have  shown  superior- 
ity over  the  others  in  point  of  rate  of  temperature  penetration. 
If  there  were  a  consistent  tendency  for  heat  to  penetrate  the  lime- 
stone concretes  more  slowly  than  other  concretes,  it  would  have  a 
bearing  on  practical  construction,  since  it  is  probably  safe  to  assume 
that  at  temperatures  higher  than  the  ordinary,  the  strength  of  a 
concrete  is  a  function  of  the  time  and  temperature.  This  being 
the  case,  a  tendency  on  the  part  of  any  aggregate  to  retard  tem- 
perature rise  through  the  mass  of  a  load-bearing  member  would 
be  distinctly  in  favor  of  its  use  in  fire-resistive  construction. 
Attention  has  already  been  called  to  the  fact  that  in  an  accidental 
fire  the  thermal  behavior  of  a  material  will  be  affected  by  the 
absorption  of  heat  by  endothermic  chemical  reaction,  if  the  com- 
position of  the  material  be  such  that  such  a  reaction  will  take  place. 
In  the  case  of  the  limestone-concrete  specimens  tested  in  this  in- 
vestigation, it  was  observed  that  on  exposure  to  atmospheric  con- 
ditions after  the  test,  the  outer  portion  next  the  cylindrical  surface 
slaked  and  fell  off.  It  was  found  that  the  thickness  of  the  portion 
which  came  off  in  this  way  was  fairly  uniform  and  approximated 
^  inch.  The  slaking  was,  of  course,  due  to  the  decarbonation  of 
the  limestone  in  this  portion  of  the  concrete.  Calcitun  carbonate 
dissociates  rapidly  ^  to  CaO  and  CO2  at  898°  C  at  atmospheric 
presstne.  It  is-  evident  therefore,  that  this  temperature  was 
attained  in  the  limestone-concrete  specimens  to  a  depth  of  approx- 
mately  -j^  inch.  The  temperature  records  of  the  bums  of  these 
specimens  show  that  this  temperature  was  not  attained  at  a  depth 
of  )4  inch.  The  weight  of  the  limestone  decarbonated  in  each  of 
these  specimens  was  approximately  6  pounds.  The  heat  of  dis- 
sociation of  CaCOs  at  900°  C  as  obtained  by  interpolation  between 
figures  given  by  Jolmson*  is  396  calories  per  g.  The  heat  absorbed 
by  the  evaporation  of  water  at  100°  C  is  540  calories  per  g. 
Therefore  the  quantity  of  heat  absorbed  by  the  dissociation  of  6 
pounds  of  CaCOa  would  be  as  great  as  that  absorbed  by  the  evapo- 

oQ^  x  6 
ration  of '  =  4.4  pounds  of  water.     This  is  a  rough  approxi- 
mation, as  the  quantity  of  limestone  decarbonated  is  estimated 

3  Jour.  Am.  Chem..  32,  p.  946.  *  Op.  cit. 
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from  the  approximate  thickness  of  the  layer  of  material  that  slaked 
off.  It  will  suffice  to  show,  however,  that  a  considerale  quantity 
of  heat  was  taken  up  in  this  way,  although  it  should  be  taken  into 
consideration,  on  the  other  hand,  that  the  effect  of  heat  absorption 
taking  place  close  to  the  surface  of  the  cylinder  would  be  much  less 
than  that  of  the  aljsorption  of  the  same  quantity  of  heat  taking 
place  throughout  the  mass.  This  is  obvious  when  it  is  considered 
that  heat  can  reach  a  point  near  the  surface  much  more  readily 
than  it  can  penetrate  to  interior  points,  so  that  one  heat  unit 
eliminated  at  a  depth  of  about  2  inches  from  the  surface  counts 
for  as  much  as  several  heat  units  absorbed  near  the  surface. 

Another  thing  which  tmdoubtedly  had  some  effect  in  the 
heating  of  the  limestone  concretes  is  that  the  residual  CaO  result- 
ing from  the  decomposition  of  the  Umestone  was  prestunably  of 
lower  thermal  conductivity  than  the  Hmestone  itself,  and  this 
of  course  would  result  in  better  resistance  to  heat  flow  after  the 
decomposition  started  to  take  place  than  before. 

There  are  seen,  therefore,  to  be  two  factors  entering  into  the 
thermal  behavior  of  limestone  concrete  which  do  not  enter  into 
that  of  the  other  concretes  included  in  the  series  imder  considera- 
tion, and  both  of  these  factors  have  a  tendency  to  retard  the 
rise  of  temperatm-e  of  the  concrete  mass.  Taking  these  factors 
into  account,  there  seems  to  be  a  reason  for  the  performance  of 
the  limestone  concretes  in  these  tests.  It  seems  reasonable  to 
suppose  also  that  specimens  in  which  the  average  temperatm-es 
attained  throughout  the  mass  are  lower  than  those  attained  in 
other  specimens  will  retain  more  strength,  other  things  being  equal. 
In  tliis  investigation  compressive  tests  were  made  of  a  number 
of  the  specimens  and,  as  is  shown  in  Table  i,  the  strength  of  the 
Hmestone-concrete  specimens  was  somewhat  greater  than  that 
of  the  other  specimens  wliich  were  tested  for  strength. 

While  these  results  are  favorable  as  far  as  they  go  to  hme- 
stone concrete  as  a  fire-resistive  material,  the  fact  should  not  be 
overlooked  that  the  decarbonation  of  Umestone,  to  which  the 
lower  final  temperatures  of  the  limestone  concrete  are  attributed, 
does  not  take  place  to  any  important  extent  in  high-calcium 
Hmestones  at  temperatures  which  do  not  approximate  900°  C,  so 
that  Httle  thermal  advantage  from  this  dissociation  would  be 
gained  in  a  fire  unless  the  surface  of  the  concrete  reached  such 
temperatures,  which  means  that  such  an  advantage  would  be 
■  gained  only  in  fires  in  which  comparatively  high  temperatiu-es  are 
attained. 
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The  results  obtained  in  this  investigation  differ  somewhat 
in  respect  to  the  limestone  concretes  from  the  conclusions  of 
Prof. .  Woolson  from  the  results  of  his  investigations  in  1 905  and 
1906.'*  Prof.  Woolson's  work  was  done  with  specimens  somewhat 
smaller  than  those  used  in  this  investigation,  namely,  4-inch 
cubes  and  6  by  6  by  14  inch  prisms.  This  would  tend  to  result 
in  a  large  proportion  of  the  Hmestone  being  decarbonated  in  long 
exposures  to  high  temperatures  and  would  account,  at  least  in 
part,  for  the  apparent  discrepancies  between  the  results  of  his 
1905  tests  and  those  shown  in  this  series.  It  is  to  be  noted  that 
in  Prof.  Woolson's  investigation  in  1906  some  results  were  favor- 
able to  trap  rock  and  others  favorable  to  limestone  concrete. 
This  would  indicate  that  there  was  not  enough  difference  between 
the  two  to  show  results  consistently  favorable  to  either.  Con- 
sidered in  connection  with  the  foregoing  statements  regarding 
decarbonation,  tliis  is  what  might  be  expected,  for  in  Prof.  Wool- 
son's  1906  investigation  the  furnace  temperatures  did  not  exceed 
815°  C,  at  which  there  would  be  practically  no  decarbonation  of 
a   high-calcium   limestone. 

Among  the  gypsums  the  final  temperatures  at  a  depth  of  3'^ 
inches  are  only  a  few  degrees  above  the  dissociation  temperature 
of  107°  C,  already  referred  to,  and  consequently  the  differences 
observed  are  small.  There  may  be  said  to  be  a  slight  tendency 
toward  a  more  favorable  showing  on  the  part  of  the  heavier 
materials. 

It  is  obvious  that  the  final  temperatures  at  the  T,}4-rach  depth 
were  much  lower  in  all  the  gypsum  specimens  than  in  the  con- 
cretes and  in  the  clay  specimens.  While  these  results  can  not 
be  expressed  in  the  form  of  quantitative  comparisons,  they  would 
seem  to  have  a  bearing  on  the  relative  degrees  or  amoimts  of 
protection  afforded  large  protected  steel  or  concrete  load-bearing 
members  by  protective  coverings  of  these  various  materials. 
It  is  true  that  the  protection  of  concrete  load-bearing  members 
by  gypsum  coverings  is  not  common  practice,  yet  it  may  be 
regarded  as  a  futtue  possibility,  and  these  results  indicate  that 
from  the  standpoint  of  heat  insulation  there  is  much  in  its  favor. 

The  final  temperattire  in  the  lime-mortar  specimen  was  some- 
what lower  than  that  in  any  of  the  concretes,  which  is  again 
favorable  to  lime-mortar  plaster.  The  showing  of  the  Radix 
specimen  in  respect  to  the  final  temperatiure  is  seen  to  be  somewhat 
poorer  than  that  of  the  gypsums. 

*  Investigation  of  the  Thermal  Conductivity  of  Concrete  and  the  Effect  of  Heat  upon  its  Strength  and 
Elastic  Properties,  by  Prof.  Ira  H.  Woolson,  A.  S.  T.  M.,  5.  1905;  and  6,  1906. 


30  Technologic  Papers  of  tJie  Bureau  of  Standards 

X.  CONDITION  OF  SPECIMENS  AFTER  TEST 

All  specimens  were  examined  after  test  with  a  -vdew  to  obtain- 
ing information  as  to  the  extent  of  injmy  suffered  by  each  kind 
of  material.  There  was  no  satisfactory  comparison  possible 
among  the  clay  specimens,  because  of  the  fact  that  all  the  clay 
specimens  were  cracked  to  some  extent  in  the  burning  before 
being  submitted  to  test.  It  may  be  said,  however,  that  there  was 
no  spalling  in  this  series  of  tests  on  the  part  of  either  the  clay 
specimens  or  those  of  any  of  the  other  materials. 

In  the  concrete  series  certain  tendencies  were  apparent.  All 
the  gravel-concrete  specimens  were  very  weak  after  test  and 
many  of  them  were  found  to  be  broken  in  two,  about  midway 
between  the  ends,  when  taken  out  of  the  furnace.  All  of  them 
were  so  weak  and  so  easily  disintegrated  as  to  be  easily  broken  up 
\rith  the  hands.  The  1:3:6  mixtrue  was  somewhat  weaker  than 
the  1:2:4  material,  and  those  specimens  in  which  15  per  cent  of 
the  cement  had  been  replaced  by  lime  hydrate  were  e\-en  weaker 
than  the  others.  None  of  the  gravel-concrete  specimens  would 
bear  handling  well  enough  to  make  it  seem  worth  while  to  try  to 
get  them  into  the  testing  machine  intact,  which  accounts  for  the 
fact  that  no  results  of  strength  tests  are  shown  for  this  part  of  the 
series. 

WTiile  concretes  from  the  other  aggregates  were  also  weak  after 
test,  the  gravel  concretes  were  the  poorest  of  all  in  this  respect. 
Attention  is  given  to  the  probable  causes  of  this  tendency  further 
on  in  the  report,  following  the  description  of  the  condition  of  the 
other  specimens  after  test. 

The  clinker-concrete  specimens  all  remained  intact  through  the 
test  and  several  of  them  were  used  over  and  over  as  end  cyHn- 
ders  in  succeeding  tests,  being  burned  several  times  without 
breaking  or  showing  marked  e\ndence  of  distress,  although  the 
sharp  edges  became  worn  by  successive  handlings.  When  broken 
for  fiulher  inspection,  these  cyUnders  offered  a  fair  amount  of 
resistance  to  blows  and  to  manual  efforts  to  disintegrate  them. 

Most  of  the  limestone-concrete  specimens  were  intact  when 
removed  from  the  furnace,  but  a  few  of  them  were  broken  in  two 
laterally,  near  the  middle.  Except  for  the  thin  outer  layer  pre- 
viously referred  to,  which  slaked  and  fell  off,  the  hmestone-con- 
crete  cylinders  were  stronger  and  more  nearly  sound  than  those 
from  other  kinds  of  concrete  with  the  possible  exception  of  the 
cUnker  concretes.     This  does  not  apply  to  specimens  No.  1254a 
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Fig.  II. — Characteristic  appearance  of  burned  specimens 

(a)  Specimen  No.  120.',  limestone  concrete;  (b)  specimen  No.  1214.  gravel  concrete;  (t)  specimen 
No.  iJjj-a,  clinker  concrete 


{a)  {h)  {c)  {d) 

Fig.  12. — Other  cojicrete  specimens  after  burning 

(a)  Specimen  No.  1313.  trap-rock  concrete;  (b)  specimen  No.  1332,  slag  concrete;  (c)  sfiecimen 
No.  1363,  cinder  concrete,  1:3:6;  (j)  specimen  No.  1383,  cinder  concrete,  1:0:6 
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Fig.  13. — Limestone-concrete  specimen  after  compression  test 
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to  No.  i254d,  which  had  been  stored  in  a  damp  atmosphere  and 
were  comparatively  green  when  tested.  Two  of  these  specimens 
were  weak  and  showed  extensive  splits.  There  was  a  pronounced 
tendency  in  these  two  specimens  for  the  outer  inch  of  the  concrete 
to  come  loose  from  the  inner  portion.  The  third  of  these  speci- 
mens did  not  show  any  marked  difference,  on  ordinary  examina- 
tion, from  the  other  Umestone-concrete  specimens. 

Cinder  concretes  Nos.  1291  and  1292  were  extremely  weak  and 
friable.  The  appearance  of  the  concrete  indicated  too  great  a  pro- 
portion of  fine  material,  and  this  probably  contributed  to  the 
weakness  of  these  specimens,  as  the  cinders  that  had  been  passed 
over  a  >^-inch  screen  to  get  the  ashes  out  were  afterwards  broken 
down  to  reduce  the  large  lumps,  producing  a  considerable  propor- 
tion of  fine  material  which  was  left  in. 

Cinder  concrete  No.  1291a  was  an  extremely  rough  specimen, 
because  of  a  deficiency  of  fine  material,  as  there  was  no  sand  in 
the  mixture,  but  the  interior  seemed  sound  and  fairly  strong. 
Such  a  mixtiu-e  is  not  to  be  recommended  for  further  investigation, 
however,  as  this  specimen  made  a  particularly  bad  showing  in 
respect  to  temperatirres  attained  at  all  depths. 

The  trap-rock  specimens  were  not  easily  handled  without 
breaking  after  test.  They  were  tender  and  easily  disintegrated 
by  slight  shocks  or  blows.  It  should  be  taken  into  consideration 
in  this  connection  that  the  trap-rock  aggregate  was  rather  coarse 
and  not  well  graded. 

The  specimens  of  blast-furnace  slag  concretes  held  together 
fairly  well  after  test,  but  were  easily  disintegrated  by  a  slight 
shock  or  blow.  . 

The  appearance  of  several  of  the  concrete  specimens  several 
weeks  after  test  is  shown  in  Figs.  1 1  and  12.  No.  1262  was  broken 
in  handling.  Fig.  13  shows  No.  1256a  in  the  testing  machine 
after  breaking,  which  was  done  several  weeks  after  the  heat  test. 

On  account  of  the  number  of  variables  in  the  gypsum  series,  it 
is  difficult  to  discover  tendencies  on  the  part  of  gypsums  from  one 
locality  to  retain  more  strength  than  those  from  another.  For 
the  same  reason  the  effect  of  filler  on  the  strength,  after  test,  was 
difficult  to  determine.  It  seemed,  however,  that  other  things 
being  equal,  the  more  porous  members  of  a  series  were  weaker 
after  test  than  the  denser  members  of  the  same  series.  The  Nova 
Scotia  gypsums,  none  of  which  had  any  filler,  were  weaker  in 
general  after  test  than  specimens  having  the  same  proportions  of 
plaster  and  water  among  the  gypsums  from  the  Middle  West, 


32  Technologic  Papers  of  the  Bureau  of  Standards 

which  contained  filler.  All  of  the  gypsum  specimens  were' weak 
after  the  test,  which  is  a  condition  to  be  expected  in  view  of  the 
fact  that  the  test  was  of  sufficient  severity  and  diu^ation  to  nearly, 
if  not  wholly,  complete  the  dehydration  of  all  the  gypsum  in  each 
specimen. 

In  all  of  the  gypsum  specimens  there  was  considerable  shrinkage 
and  a  characteristic  cracking  or  checking  of  the  surface  material, 
which  was  similar  to  the  cracking  of  mud  that  has  dried  in  the  sun 
and  is  shown  in  Fig.  14.  Deep  cracks,  such  as  the  two  seen  in  this 
photograph,  were  found  in  some  of  the  specimens  and  not  in 
others.  All  of  the  specimens  in  the  series  from  No.  1441  to  No. 
1473,  inclusive,  showed  the  peculiar  structure  shown  in  Fig.  16. 

Fig.  15  shows  the  characteristic  appearance  of  the  specimens 
which  had  asbestos  filler  and  those  which  had  cut  excelsior  filler. 
The  fairly  well  defined  rings  of  different  shades  show  the  progress 
of  oxidation  through  the  mass  of  the  cylinders.  Specimen  A, 
shown  in  Fig.  15,  had  asbestos  filler.  In  all  of  the  specimens 
with  asbestos  filler,  the  asbestos  within  approximately  i  inch  of 
the  cylindrical  surface  was  of  reddish  color,  crisp,  and  without 
strength.  Deeper  than  i  inch  it  was  soft  and  flexible,  Hght 
colored,  and  apparently  unaltered.  In  those  specimens  contain- 
ing wood,  oxidation  appeared  to  be  complete  to  a  depth  of  from 
I  to  2  inches,  and  the  material  was  partially  oxidized  to  a 
fxn1:her  depth  of  ^  to  ^  of  an  inch.  The  remainder  of  the 
interior  of  the  specimens  was  dark  colored  and  the  wood  more  or 
less  charred.  In  some  specimens  there  was  so  little  of  the  filler 
that  its  presence  was  shown  mainly  by  small,  isolated,  discolored 
patches,  in  the  central  portion  of  the  specimen. 

XI.  FACTORS  WHICH  PROBABLY  CONTRIBUTED  TO  THE 
EXTREME  WEAKNESS  OF  GRAVEL  CONCRETE  SPECIMENS 
AFTER  TEST 

The  effect  of  heat  on  the  strength  of  a  concrete  may  be  regarded 
as  the  result  of  changes  in  the  strength  and  elastic  properties  of 
the  cement  itself,  combined  with  the  effect  of  stresses  produced 
by  the  expansion  of  the  various  masses  of  materials  of  different 
kinds  of  which  the  concrete  is  composed.  There  is  much  evidence 
that  Portland  cement  loses  strength  at  high  temperatures  and 
some  work  has  been  done  vrith  a  view  to  determining  the  loss  in 
strength  at  various  temperatiu-es.  According  to  the  results  of 
work  done  by  J.  E.  Howard  at  the  Watertown  Arsenal  in  1902, 
4-incli  cubes  of  neat  cement,  heated  gradually  to  various  recorded 
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Fig.  14. — Gypsum  specimen  ajlcr  hurnhig 
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'«■  (0  Kb) 

Fig.  15. — Gypsum-  specimens  after  burning 

{a)  ^\"ith  asbestos  filler;  (t)  with  cut  excelsior  filler;  (r)  with  cut  excelsior  filler. 


I 


Insulating  Materials  33 

temperatures,  cooled  and  tested,  did  not  undergo  much  change 
in  strength  after  heating  up  to  300°  C.  The  strength  diminished 
somewhat  after  heating  to  between  300°  C  and  425°  C  and  di- 
minished more  rapidly  after  heating  to  between  425°  C  and 
480°  C. 

Results  of  any  work  on  the  determination  of  the  loss  of  strength 
of  cement  at  different  temperatures  is  necessarily  unsatisfactory 
unless  done  in  a  most  thorough  and  exhaustive  way.  It  is  next 
to  impossible  to  secure  uniform  temperature  distribution  at  high 
temperatures  in  a  specimen  of  as  low  thermal  conducti\"ity  as 
cement,  and  any  approximation  to  uniform  high-temperature 
distribution  secured  by  means  now  in  use  must  necessarily  require 
considerable  time  for  its  accompHshment.  It  is  conceivable  and 
even  probable  that  cement  may  continue  to  lose  strength  if  held 
at  any  stationary  temperature  above  some  minimum  not  yet 
established.  It  seems  probable,  therefore,  that  the  strength  of  a 
cement  specimen  would  not  be  dependent  solely  upon  the  tempera- 
ture to  which  it  had  been  heated,  but  would  be  the  resultant 
of  a  number  of  factors,  including  the  length  of  time  required  in 
bringing  it  up  to  a  given  temperatiu^e,  the  length  of  time  it  was 
kept  at  that  temperature,  and  the  conditions  of  cooling,  all  of 
these  having  a  possible  bearing,  not  only  on  the  inherent  strength 
of  the  material,  but  on  the  internal  stresses  introduced.  So  far 
as  the  present  investigation  is  concerned,  it  seems  probable  that 
the  direct  effect  of  heat  on  the  strength  of  the  cement  in  the  con- 
crete specimens  would  be  greatest  in  those  specimens  in  which  the 
highest  temperatures  were  attained.  On  this  basis  alone  the 
gravel-concrete  specimens  should  be  among  the  weakest,  but  not 
necessarily  weaker  than  some  of  the  others. 

The  further  explanation  suggests  itself  that  the  shape  and 
smoothness  of  the  pebbles  in  the  gravel  concrete  might  con- 
tribute to  its  final  weakness.  While  it  is  conceivable  that  this 
would  be  true  in  cases  where  the  strength  of  the  cement  had  been 
almost  wholly  destroyed,  it  does  not  seem,  probable  that  the 
roimdness  and  smoothness  of  the  pebbles  can  be  accoimtalale  for 
any  great  part  of  the  contrasts  observed  in  the  final  strength  of 
these  specimens. 

XII.  IMPORTANCE  OF  EXPANSION 

The  appearance  of  these  specimens,  after  test,  taken  in  con- 
nection with  test  observations  on  larger  specimens,  would  indicate 
that  a  very  important  factor  in  the  effect  of  heat  on  concrete  is 
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that  of  expansion.  The  expansion  at  high  temperatures  is  one 
of  the  properties  of  concretes  which  have  not  been  thoroughly 
investigated.  It  is  known,  however,  that  the  expansivity  of 
concrete  depends  in  part  on  the  richness  of  the  mix  and  the 
moisture  content  and  that  it  varies  with  the  temperature.  Inas- 
much as  the  coarse  aggregate  constitutes  a  large  portion  of  the 
mass,  and  since  the  expansion  behaviors  of  the  various  materials 
commonly  used  for  coarse  aggregate  are  known  to  differ  greatly 
from  each  other,  it  seems  reasonable  to  look  to  the  aggregate  for  a 
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Fig.  17. — Temperature-iiolume  relations 

large  part  of  the  expansion  differences  in  concretes,  and  conse- 
quently for  a  large  part  of  the  differences  in  the  behavior  of 
different  concretes  when  subjected  to  fire.  Data  are  available  on 
the  expansion  of  tliree  natural  rocks  which  enter  to  a  very  impor- 
tant extent  into  concrete  aggregates,"  and  a  comparison  of  the 
behavior  of  these  three  may  throw  some  light  on  the  expansion, 
and  consequent  performance  of  different  concretes  at  high  tem- 
peratures.    (See  Figs.  17  and  18.) 
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8  The  Determination  of  Mineral-and  Rock  Densities  at  High  Temperatures,  by  Day,  Sosman.  and  Hos- 
tetter.  Am.  Jour.  Sci.,  37,  p.  j;  1914. 
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Fig,  i6. — Gypsum  specimen  afivr  burning;  no  filler 
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In  the  curve  for  quartz,  Fig.  17,  it  is  shown  that  the  rate  of 
volume  increase  with  rise  of  temperature  increases  with  the 
temperature,  up  to  575°  C,  and  that  the  rate  increases  very  rapidly 
in  the  last  100  degrees  preceding  the  inversion  point,  575°  C,  at 
which  there  is  a  discontinuity  in  the  direction  of  the  curve- 
Beyond  the  inversion  point  there  is  apparently  a  slight  contrac. 
tion  up  to  about  950°  C.     Beyond  that  temperature  it  is  reported 
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Fig.  18. — Temperaiure'Volume  relations 

that  escape  of  gases  made  accurate  measurements    impossible 
up  to  1250°  C. 

The  quartz  specimens  were  from  Minas  Geraes,  Brazil,  and  were  in 
the  form  of  clean,  transparent  blocks.  It  is  reported  in  this  connec- 
tion that  there  was  very  Uttle  cracking  in  the  specimens.  The  volume 
changes  were  reversible  and  the  data  obtained  on  cooHng  were  prac- 
tically the  same  as  those  found  with  rising  temperatures. 
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Two  granites  are  compared  in  Fig.  18,  one  of  which  is  described 
as  a  "  pink,  coarse-grained,  quartzose  granite  from  Kasaan  Penin- 
sula, Alaska,"  and  the  other  as  a  "  gray,  biotite-muscovite  granite 
from  Stone  Mountain,  Georgia."  In  connection  with,  these  cur\^es, 
the  author  of  the  work  says:  "Above  575°  C  granite  undergoes  a 
permanent  dilation  caused  by  the  shattering  effect  due  to  the  differ- 
ent expansion  coefficients  of  its  minerals  and  to  the  escape  of 
gases." 

The  cur\e  for  Sudbm^'  diabase  is  given  because  of  the  similarity 
of  this  rock  with  the  Palisade  diabase,  commonly  called  trap  rock. 
It  is  seen  that  the  volume  changes  in  this  material  are  not  only 
somewhat  smaller,  but  that  they  are  much  more  gradual  than 
those  of  quartz  and  granites. 

There  should  be  some  sort  of  correlation  between  the  expansion 
of  the  diabase  and  that  of  the  stone  concrete  whose  expansion 
beha\T[or  was  studied  by  Norton.'  The  concrete  used  in  Norton's 
investigation  was  1:2:5  stone  concrete,  and  the  expansiAdty  of  the 
coarse  aggregate  was  probably  similar  to  that  of  the  Sudbiurs'  dia- 
base, yet  the  volume  changes  in  the  concrete  were  much  less  than 
those  of  the  cUabase,  as  is  seen  in  Fig.  17,  in  which  the  ctuA'e  for 
concrete  was  obtained  by  calculation  from  Norton's  figures  for 
linear  expansion.  Attention  should  perhaps  be  called,  in  this  con- 
nection, to  the  question  of  the  correctness  of  the  term  "  expansion  " 
as  applied  to  the  length  or  volume  changes  of  these  materials. 
Norton  uses  the  term  "  coefficient  of  linear  expansion,"  which  con- 
veys the  idea  of  a  physical  constant.  This  use  of  the  term  does 
not  seem  justifiable  in  view  of  the  natm-e  of  the  material.  Con- 
crete is  not  a  homogeneous  material,  nor  are  all  the  substances  com- 
posing it  stable  at  liigh  temperatures.  Its  volume  changes  with 
temperature  are  the  resultants  of  various  unequal  volume  changes 
of  its  components,  part  of  these  changes  probably  being  negative 
and  due  to  chemical  changes,  whereas  others  are  more  or  less  per- 
manent volume  increases  caused  by  the  shattering  action  taking 
place  in  the  natural-rock  fragments  of  the  coarse  aggregate.  It  is 
conceivable  that  such  a  shattering  action,  due  to  the  imequal  ex- 
pansion of  the  component  materials,  and  also  to  the  evolution  of 
steam  and  other  gases,  may  take  place  in  the  concrete  mass  as  a 
whole,  and  that  this  may  be  accountable  m  part  for  the  permanent 
elongation  which  Norton  reports  to  be,  at  1500°  F  (815°  C),  75  per 
cent  of  the  total  elongation.     In  view  of  these  considerations,  it 

'  Some  Thennal  Properties  of  Concrete,  by  Chas.  1,.  Norton,  Jour.  Ajn.  Soc.  Mcch.  Engs.,  June,  1913, 

p. lOII. 
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would  seem  better  to  refer  to  the  results  of  such  measiirements  as 
these  as  changes  of  length  with  temperature,  rather  than  as  coeffi- 
cient of  Hnear  expansion.  However,  these  measurements  do  give 
the  resultants  which  by  calculation  become  comparable  with  the  vol- 
ume changes  with  temperature,  given  for  the  natural  rocks,  quartz, 
granite,  and  diabase.  It  is  rather  surprising  to  note  how  much 
less  the  volume  changes  are  in  the  concrete  than  in  any  of  the 
natural  rocks,  even  the  one  which  is  similar  to  the  coarse  aggregate 
which  was  the  predominant  component  of  the  concrete  investi- 
gated. This  suggests  the  possibility  of  restraint  and  of  internal 
stresses  which  might  become  destructive,  especially  with  quick 
heating  and  most  especially  in  the  case  of  an  eggregate  like  either 
quartz  or  granite,  in  wliich  excessively  rapid  volume  changes  take 
place  within  a  definite  temperatiu-e  region. 

XIII.  SUMMARY 

In  summing  up  the  results  of  tliis  investigation,  it  is  important 
to  bear  in  mind  that  the  investigation  was  of  a  preliminary  rather 
than  of  a  final  nature,  and  that  wliile  it  shows,  fairly  clearly,  cer- 
tain tendencies  in  the  thermal  behavior  of  the  materials  which  have 
a  bearing  on  their  insulating,  and  to  some  extent  on  their  load- 
bearing  properties,  final  conclusions  as  to  the  value  of  any  material 
for  use  in  fire-resistive  construction  should  not  be  drawn  from  this 
work  alone.  All  of  the  classes  of  material  represented  in  this  work 
have  certain  strong  and  certain  weak  features.  All  of  them  have 
their  proper  places  in  fire-resistive  construction,  and  the  chief 
value  of  the  experimental  study  of  their  properties  is  to  supply 
information  that  may  tend  to  promote  their  more  consistent,  eco- 
nomical, and  effective  use,  which  would  in  tiun  tend  to  promote 
their  more  extensive  use  by  making  fire-resistiye  construction  a 
better  financial  proposition. 

It  is  necessary,  also,  to  differentiate  between  fundamental  ten- 
dencies in  the  materials  them.selves  and  the  relative  efficiencies  of 
the  structvual  tmits  or  devices  that  can  be  made  from  them.  For 
example,  temperature  progress  is  seen  to  be  comparatively  rapid 
in  some  of  the  clay  specimens,  but  no  attempt  is  made  to  deduce 
from  these  results  comparisons  between  hollow  tiles  or  blocks  made 
from  these  clays  and  soHd  masses  of  burned  clays  or  of  any  of  the 
other  materials  under  consideration.  The  scope  of  the  investiga- 
tion is  not  such  as  to  make  such  an  attempt  advisable. 

Perhaps  the  most  significant  indication  shown  by  the  clay 
specimens  is  the  wide  difference  in  the  rates  at  which  temperature 
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progress  took  place  in  the  different  clay  cylinders.  There  is  strong 
evidence  here  of  the  superior  insulating  value  of  the  porous 
burned  clay  over  that  which  is  denser.  Since  it  is  largely  a 
matter  of  thermal  conducti^^ty,  in  the  case  of  the  clays,  and 
since  the  showing  is  entirely  consistent  with  the  existing  data  as 
to  the  thermal  conductivity  of  burned  clays,  it  seems  reasonable 
to  expect  that  porous-clay  wares  Mill  give  better  thermal  pro- 
tection, other  things  being  equal,  than  denser  ones,  and  it  would 
seem  ad\'isable  that  more  general  recognition  be  given  to  tliis 
quality  in  specifications  for  fire-protective  coverings  of  burned 
clay.  Special  experimental  work  on  the  relative  efficiencies  of 
such  coverings,  comparing  the  denser  with  the  more  porous 
coverings,  would  be  necessary  in  order  to  determine  how  far  such 
specifications  should  be  carried.  It  seems  reasonable  to  predict, 
however,  that  such  an  investigation,  by  bringing  out  quantita- 
tively the  effect  of  different  degrees  of  porosity  on  the  efficiency 
of  the  actual  coverings  built  up  from  actual  structural  units, 
hollow  or  solid,  protecting  actual  steel  members,  would  bring 
out  information  which  would  eventually  make  such  protection 
more  reliable  and  more  economical  than  it  usually  is  now,  when 
no  definite  specifications  as  to  porosity  are  in  effect. 

In  the  concretes  the  principal  variable  is  the  aggregate,  and 
but  Httle  difference  is  indicated  as  to  the  ability  of  concretes  of 
various  aggregates  to  protect  reinforcing  steel  placed  near  the 
surface.  Greater  differences  are  shown  as  to  the  final  tempera- 
tines  attained  near  the  center  of  the  specimens  and  in  the 
strength  left  in  the  mass  of  the  concrete  after  the  test.  These 
indications  are  somewhat  favorable  to  slag  concrete  and  particu- 
larly so  to  Hmestone  concrete.  The  sho\\Tng  of  gravel  concrete, 
on  the  other  hand,  is  somewhat  unfavorable  in  respect  to  temper- 
atirres  attained  in  the  interior,  and  distinctly  so  in  respect  to  the 
strength  of  the  concrete  after  test. 

In  regard  to  the  slag  and  Hmestone  concretes,  the  results  of 
this  ver}'  limited  work  should  not  be  taken  as  conclusive  evidence 
of  the  superiority  of  concretes  from  these  aggregates.  In  the 
case  of  limestone,  it  has  been  shown  that  under  the  conditions 
of  these  tests  a  chemical  reaction  took  place  which  would  tend  to 
keep  the  internal  temperatures  dowTi  to  some  extent;  but  it  has 
been  pointed  out,  also,  that  such  a  reaction  would  not  take  place 
except  above  a  certain  temperatine  limit.  It  may  be  added  that 
the  temperature  limit  would  be  different  with  different  Hmestones. 
On  the  other  hand,  the  evidence  here  presented  is  contrary  to 
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the  more  or  less  general  belief  that  crushed  limestone  is  an 
inferior  aggregate  for  fire-resistive  concrete. 

In  the  case  of  the  gravel,  however,  the  situation  is  different. 
Besides  attaining  rather  high  final  temperatures  in  the  interior, 
the  gravel  concretes  were  all  extremely  weak  after  test,  and  this 
observation  is  in  keeping  with  that  of  Prof.  Woolson  in  his 
investigations,  previously  referred  to.  It  is  also  in  keeping  with 
observations  reported  to  him  by  the  British  Fire  Prevention 
Committee  and  with  observations  as  to  the  behavior  of  gravel 
concretes  in  accidental  fires  in  different  localities  in  this  country. 
Furthermore,  our  information  as  to  the  thermal  conductivity, 
and  particularly  as  to  the  expansion  of  quartz  and  of  materials 
composed  largely  of  quartz,  is  unfavorable  to  gravel  as  an  aggre- 
gate for  fire-resistive  concrete.  Other  investigations  now  under 
way  will  be  productive  of  evidence  along  tliis  line,  and  it  seems 
of  considerable  importance  that  as  much  work  as  is  necessary  to 
demonstrate  conclusively  the  suitability  or  unsuitabiHty  of 
gravel  for  fire-resistive  concrete  should  be  done  without  delay 
or  interruption. 

The  evidence  as  to  the  effect  of  lime  hydrate  on  the  strength 
of  gravel  concrete  after  exposure  to  fire,  while  unfavorable  to  the 
hydrate,  is  based  on  the  results  of  entirely  too  few  tests  which 
cover  too  narrow  a  scope  to  be  conclusive. 

Gypsum  specimens  all  showed  relatively  slow  temperature 
progress  and  also  low  strength  after  test.  The  time-temperatvure 
charts  speak  for  themselves  as  to  the  importance  of  the  heat 
absorption,  by  the  chemical  dissociation  of  the  gypsum,  in  the 
protective  efficiency  of  this  material.  While  no  great  contrasts 
were  found  in  the  behavior  of  the  different  gypsum  mixtiu'es 
included  in  this  work,  there  was  fairly  consistent  evidence  that 
the  heaviest,  densest  mixtures  were  better  heat  retardants  than 
the  lightest,  most  porous  ones,  indicating  that  the  greater  thermal 
capacity  and  greater  heat  absorption  by  dissociation,  in  the 
densest  specimens,  outweighed  the  lower  thermal  conductivity 
which  may  be  assumed  for  the  most  porous  ones. 

Lime  mortar  showed  a  heat-retarding  abiHty  which  tends  to 
promote  respect  for  tliis  material  in  fire-resistive  construction, 
and  the  material  called  Radix  made  a  showing  which  indicates 
that  new  combinations  of  materials  may  be  expected  to  enter 
the  field  of  fire-resistive  construction. 

In  the  general  scheme  of  conservation  of  resources  and  of  the 
safeguarding  of  human  life,  a  much  more  complete  knowledge  of 
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the  properties  and  of  the  most  smtable  application  of  the  avail- 
able materials  of  construction  is  needed.  The  theoretical  study 
of  heat  flow  as  applied  to  these  materials  of  construction,  under 
fire  conditions,  would  necessarily  be  so  complex  as  to  render  such 
study,  by  itself,  exceedingly  inefficient.  Experimental  methods 
are  obviously  essential  to  satisfactory^  progress  in  securing  vital 
information  along  this  line  and  it  is  equally  important  that  final 
judgment  on  various  points  should  be  reserved  until  enough 
evidence  is  available  to  justify  such  judgment. 

Washington,  July  2,  191 8. 
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I.  INTRODUCTION 

It  is  only  within  recent  years  that  extended  practical  applica- 
tion of  physical  methods  to  chemical  analysis  has  been  made. 
This  has  been  especially  true  in  the  case  of  gas  analysis.  Progress 
in  developing  new  and  improved  methods  for  gas  analysis  was 
slow  as  long  as  differentiation  by  chemical  characteristics  alone 
was  employed.  However,  there  are  quite  a  number  of  physical 
characteristics  of  gases,  such  as  refractivity,  thermal  conductivity, 
heat  of  combustion,  density,  viscosity,  etc.,  which  offer  almost 
unlimited  possibilities  for  the  development  of  gas-analysis  appa- 
ratus for  various  purposes. 

One  of  the  most  useful  of  the  physical  methods  which  have 
been  developed  is  that  of  gas  interferometry.  Rayleigh  '  first 
described  the  essential  features  of  this  method.  Later,  Haber 
and  Lowe  ^  developed  what  is  known  as  the  Rayleigh-Zeiss  gas 
interferometer,  which  marks  the  first  practical  application  of  the 
method.  Interferometers  of  the  Rayleigh  type  are  now  manu- 
factured by  Hilger,  of  London.     Although  widely  used  abroad, 

^RayleiEb,  Proc.  Roy.  Soc.  59,  p.  201:  1S96.         ^  Haber  and  Lowe.  Zs.  f.  angew.  Chem.,  23,  p.  1393;  1910. 
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the  number  in  use  in  this  coiuitr}'  has  been  rather  hmited — less 
than  their  utilit}'  -would  warrant. 

The  author  ^  has  described  a  new  method  of  calibrating  the  gas 
interferometer,  which  greatly  simplifies  and  extends  its  use.  The 
present  paper  will  discuss  the  simple  relations  which  exist  between 
the  properties  of  the  gases  and  the  indications  of  the  instrument 
and  give  examples  illustrative  of  its  use. 

II,  PRINCIPLE  OF  METHOD 

The  gas  interferometer  is  essentially  a  differential  refractometer ; 
it  measures  the  difference  in  refractivity  of  two  samples  of  gas. 
The  gases  are  contained  in  two  long  (loo  cm  in  one  instrument), 
narrow  gas  chambers,  the  ends  of  which  are  closed  by  plane  par- 
allel glass  plates.  White  light  from  an  illuminated  slit  passes 
through  both  chambers,  after  which  the  two  beams  combine  to 
produce  interference  fringes  which  are  obsen,-ed  through  an  eye- 
piece. If  the  composition  of  the  gas  in  the  two  tubes  is  different, 
the  optical  paths  through  the  tubes  are  different,  and  the  inter- 
ference fringes  are  displaced  from  their  normal  position.  The 
optical  path  of  one  of  the  beams  can  be  adjusted  to  equality  with 
the  other  by  tilting  a  glass  compensator  plate,  which  is  placed  in 
the  path  of  the  beam.  The  angle  through  which  the  compensator 
plate  must  be  turned  to  bring  the  two  optical  paths  to  equality, 
as  shown  by  the  position  of  the  interference  fringes,  is  a  measure 
of  the  difference  betw^een  the  refractive  indices  of  the  two  gases. 
This  adjustment  is  made  by  means  of  a  micrometer  screw  acting 
on  a  lever  arm  attached  to  the  compensator  plate.  A  second  set 
of  fringes,  produced  by  two  beams  of  light  which  pass  over  the 
gas  tubes  and  which  are  fixed  in  position  because  the  two  beams 
alwa}-s  have  equal  optical  paths,  are  used  as  a  reference  point  in 
much  the  same  wa}-  as  the  cross  hair  in  a  telescope.  The  reader 
is  referred  to  the  more  complete  descriptions  in  the  literature  for 
fiu'ther  details  of  the  apparatus. 

III.  THEORETICAL  RELATIONS 

The  refracti\-ity  iv  of  a  gas  is  equal  to  the  refractive  index 
minus  i. 

R  =  n-i  (i) 

It  has  been  shown  that  the  refractivity  of  a  gas  is  proportional  to 
its  density  or 

—J-  =  constant  (2; 

3  Edwards.  J.,  Am.  Chem.  Soc,  39,  p.  23S2:  19x7. 
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This  relation  holds  with  considerable  exactness  for  gases  at  ordi- 
nary temperatures  and  within  a  pressure  range  of  a  few  atmos- 
pheres. From  equation  (2)  the  refractivity  of  a  gas  can  be 
calculated  for  different  temperatures  and  pressures  by  the  appli- 
cation of  the  gas  laws,  since  the  density  of  a  gas  is  proportional 
to  its  pressure.  When  the  deviations  of  the  gas  from  the  simple 
gas  laws  are  important,  they  can  be  taken  into  account,  as  will  be 
shown  later.  ^ 

The  refractivity  of  a  gas  mixture  can  be  calculated  from  the 
refractivity  of  the  components  and  the  composition  of  the  mix- 
ture. In  a  binary  mixture  composed  of  gases  having  refractivi- 
ties  Ri  and  R^  the  refractivity  R  for  any  proportion  of  the  two 
gases  is  given  by  equation  (3),  in  which  a  and  (loo-a)  are  the 
proportions  in  which  they  are  present. 

„     R^a  +  R^ioo-a)  ,  . 

100  ^"^^ 

The  available  evidence  shows  that  this  equation  holds  with  con- 
siderable accuracy.  For  example,  the  refractivity  of  air,  calcu- 
lated in  this  manner  from  the  values  given  in  Table  i  for  the 
refractivities  of  its  constituents  is  2915X10"'  as  compared  with 
the  observed  value  2917  X  lo"'. 

The  reading  of  the  interferometer  is  a  measure  of  the  difference 
in  refractivity  of  the  gases  in  the  two  chambers.  This  difference 
in  refractivity  can  be  easily  calculated  from  the  preceding  rela- 
tions. If  i?i  is  the  refractivity  of  one  gas  at  0°  C  and  760  mm 
and  7?2  is  the  refractivity  of  the  second  gas  or  standard  of  compari- 
son under  the  same  conditions,  then  the  difference  of  refractivity 
of  the  two  gases  at  any  pressure  p  and  absolute  temperature  T 
is  as  follows : 

{R,-R,)  r,,-^^-;^-{R^-R.)  (4) 

The  interferometer  reading  is  determinate  only  for  binary  mix- 
tures or  their  equivalent;  mixtures  of  constant  composition,  such 
as  air  for  example,  may  be  regarded  as  a  single  component.  It  is 
the  usual  practice  where  convenient  to  use  one  of  the  components 
of  the  gas  mixture  as  the  standard  gas.  In  this  case  the  difference 
in  the  refractivity  of  the  mixtm^e  and  one  of  its  components  is 
measured.     If  i?,  and  R^  are  the  refractivities  of  the  two  gases, 
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then  the  change  in  the  refractivity  of  the  mixture  ( A  R)  for  a  change 
of  a  per  cent  of  one  of  its  components  is  as  follows: 

AR=^^  ■—  ■  —  {R,-R,)  (5) 

T      760    100       ^        ^'  ^•^■' 

Equation  (5)  also  represents  the  change  in  the  difference  between 
the  refracti\'ity  of  the  mixture  and  any  standard  gas  for  the  change 
in  composition  stated.  The  symbol  A  R  will  be  used  to  represent 
the  change  in  refractivity  of  the  mixtiu^e  for  a  given  change  in 
composition  and  the  symbol  A  ''  will  be  used  to  represent  the 
difference  in  refractivity  between  the  gases  in  the  two  chambers. 
Under  certain  conditions  A  R  and  A  r  are  numerically  equal,  but 
a  distinction  is  made  to  simplify  the  discussion  of  certain  problems. 

IV.  CALIBRATION  OF  INTERFEROMETER 

Each  scale  division  of  the  interferometer  corresponds  to  a  defi- 
nite value  of  A  r  which  is  a  characteristic  of  the  instrument.  If 
the  interferometer  could  now  be  calibrated  in  terms  of  A  r  so  that 
the  refractivity  difference  for  any  scale  reading  was  known,  then 
its  calibration  for  any  gas  could  be  calculated  if  the  refractive 
index  of  that  gas  is  known. 

The  author  has  described  a  method  of  calibration  of  the  inter- 
ferometer, based  on  this  principle,*  which  is  extremely  simple  and 
easy  to  carry  out.  To  determine  the  scale  reading  corresponding 
to  a  given  difference  in  refractivity,  both  chambers  of  the  inter- 
ferometer are  filled  with  dry  air,  free  from  carbon  dioxide,  and  at 
a  definite  temperature  and  pressure.  The  pressure,  and  hence 
the  refractivity  of  the  gas,  in  one  chamber  is  then  varied  progres- 
sively and  the  scale  reading  corresponding  to  each  pressure  noted. 
The  pressures  in  the  two  chambers  are  p^  and  p2  and  the  tempera- 
ture T  remains  constant.  The  refractive  index  (nn)  of  air,  free 
from  carbon  dioxide,  at  0°  and  760  mm  pressure,  as  determined 
by  Meggers  and  Peters,^  is  i. 000291 7. 

It  follows  from  equations  (i)  and  (2)  that  A  R  or  the  difference 
in  refractivity  corresponding  to  each  scale  reading  (observed  read- 
ing minus  "zero"  reading)  can  be  calculated  as  follows: 

A   p     273  X  0.0002917  (/>t-j>,)  ,  . 

*  Bxilletin  Bureau  of  Standards,  14.  p.  473.  1917;  J.  Am.  Chem.  Soc,  39,  p.  9382,  1917. 
^  Bulletin  Bureau  of  Standards,  14,  p.  697;  1918. 
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From  the  curve  of  refractivity  differences  determined  in  the 
above  manner  the  scale  reading  corresponding  to  the  refractivity 
difference  calculated  from  equation  (5)  can  be  ascertained  and  a 
cur\-e  constructed  giving  the  scale  reading  for  any  percentage  of 
the  gas  for  which  the  calibration  is  desired. 

TABLE  1.— Refractivity  of  Certain  Gases 


Gss 


Refractivity 

>,  10-' 
0°C— 760  mm 


"Ideal" 
refractivity  a 

X10-' 
0°C— 760  mm 


Air 

Oxygen 

Nitrogen 

Hydrogen 

Helitmi 

Neon 

Argon 

Krypton 

Xenon 

Carbon  monoxide. 

Carbon  dioxide 

Methane 

Ethane 

Ethylene 

Acetylene 

Cyanogen 

Sulphur  dioxide... 

Ammonia 

Nitrous  oxide 

Nitric  oxide 


O2 

Na 

Hi 

He 

Ne 

A 

Kr 

Xe 

CO 

CO2 

CH, 

C2H6 

CjH, 

C2H1 

CjNi 

S02 

NH. 
NiO 
NOj 


6  2917 
2706 
2972 
1387 
0342 
0671 
2809 
4270 
7020 
3347 
4498 
4415 
7660 
7266 
6020 
8490 
6760 

C3820 
5160 
2950 


2916 
2704 
2971 
1388 
0342 
0671 
2807 
4259 
6968 
3346 
4467 
4408 
7578 
7209 
5971 
8320 
6628 
3778 
5122 
2947 


a  See  page  9  and  10. 

ft  Meggers  and  Peters  loc.  cit. 

c  Preliminary  measurement  by  Cragoe  and  Peters.  Bureau  of  Standards. 


V.  REFRACTIVITIES  OF  THE  GASES 

It  is  apparent  that  the  accuracy  of  this  method  of  calibration 
is  limited  among  other  things  by  the  accuracy  with  which  the 
refractive  indices  have  been  determined.  The  refractive  index  of 
air  is  known  from  the  work  of  Meggers  and  Peters  to  within  a  part 
in  a  thousand.  The  refractive  indices  of  most  of  the  other  common 
gases  are  known  with  sufficient  accuracy  to  be  used  for  calibrating 
the  interferometer.  The  tables  of  refractive  indices,  such  as  that 
given  by  Landolt-Bomstein,  are  somewhat  confusing  because  of 
the  differences  between  the  observations  of  different  observers. 
Therefore,  in  arriving  at  the  most  probable  value  for  any  of  these 
constants  it  is  necessary  to  make  a  critical  examination  of  the 
details  of  the  measurements  whenever  possible.     In  Table  i  are 
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given  the  refractive  indices  of  a  number  of  the  common  gases. 
The  values  are  all  for  a  wave  length  of  589  X  10""  mm  (sodium 
or  D  line) ,  since  the  data  are  most  complete  for  this  wave  length 
and  it  represents  fairly  well  the  average  wave  length  of  the  light 
used  in  the  interferometer.  The  values  given  in  this  table  have  been 
found  by  taking  the  averages  of  the  most  reliable  observations, 
and  represent  the  author's  judgment  of  the  best  values  to  use. 

It  will  be  noted  that  the  refractivity  values  in  this  table  are  for 
gas  at  o°C  and  under  a  pressure  of  760  mm  of  mercury. 

VI.  REFRACTIVITY  AT  LOW  PARTIAL  PRESSURES 

For  small  changes  in  pressure  or  temperature  the  density,  and 
therefore  the  refractivity,  can  be  calculated  with  sufficient  accu- 
racy by  means  of  the  gas  laws,  as  indicated  in  equations  (4),  (5), 
and  following.  If,  as  is  usually  the  case,  a  small  percentage  of  a 
gas  is  being  measured,  its  partial  pressure  will  be  small.  If  the 
deviation  of  the  gas  from  Boyle's  law  is  significant,  the  refrac- 
tivity of  the  gas  at  this  low  partial  pressme  may  differ  from  the 
value  calculated  from  the  ratio  of  the  pressures.  The  correction 
necessitated  by  this  fact  will  now  be  discussed. 

The  refractivity  of  a  gas  is  the  sum  of  the  refractivities  of  its 
constituents.  If  the  molecules  in  a  mixture  of  gases  could  be 
sorted  out  and  the  refractivities  of  each  kind  totaled,  the  refrac- 
tivity of  the  mixture  could  probably  be  ascertained  with  high 
precision.  Because  this  is  not  possible,  we  have  used  in  the  dis- 
cussion a  larger  unit  of  measurement,  which  is  the  number  of 
molecules  contained  in  a  unit  volume  of  the  gas  at  a  definite  tem- 
perature and  pressure.  It  is  therefore  necessary  to  know  how  the 
number  of  molecules  in  a  unit  volume  varies  with  changes  in  tem- 
perature and  pressure.  This  variation  is  given  with  close  approxi- 
mation for  many  gases  by  the  simple  gas  laws.  In  order  to  cal- 
culate the  number  of  molecules  of  each  kind  in  a  mixture  of  gases, 
we  have  further  made  use  of  what  is  known  as  Dalton's  law. 

Dalton's  law,  as  commonly  expressed,  states  that  the  pressure 
of  a  mixture  of  gases  is  equal  to  the  sum  of  the  pressures  which 
each  gas  would  exhibit  if  it  occupied  the  total  volume  alone.  In 
applying  this  law,  we  have  assumed  according  to  Boyle's  and  Ava- 
gadro's  laws  that  the  number  of  molecules  in  a  unit  volume  is  pro- 
portional to  the  pressure.  If  Dalton's  law  were  strictly  true,  then 
the  exact  refractivity  at  any  partial  pressure  could  be  calculated 
by  using  the  observed  expansion  coefficients,  or,  what  is  the  same 
thing,  correcting  the  values  calculated  by  Boyle's  law  for  the 
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deviations  from  it.  Dalton's  law,  just  as  Boyle's  law,  however,  is 
strictly  correct  only  for  the  limiting  case  of  perfect  gases.  Con- 
sequently, a  gas  at  a  pressure  of  i  mm  does  not  necessarily  have 
the  same  refractivity  that  it  would  if  it  had  a  partial  pressure  of 
I  mm  in  a  mixture  of  gases.  The  reason  for  this  is  that  in  a  mix- 
ture of  gases  the  attractive  forces  between  different  species  of 
molecules  come  into  play  and  modify  the  volume  relations.  The 
more  nearly  two  gases  resemble  each  other  in  their  physical  prop- 
erties (critical  temperature  and  pressure,  density,  etc.),  the  less 
effect  deviations  of  the  gases  from  Boyle's  law  have  upon  their 
partial  pressures.  As  an  illustration,  it  is  obvious  that  a  partial 
pressure  of  i  per  cent  of  carbon  dioxide  in  carbon  dioxide,  if  we 
can  speak  of  such  a  thing,  shows  no  deviation  from  Boyle's  law, 
because  it  has  exactly  the  same  physical  properties  as  the  gas  with 
which  it  is  mixed,  namely,  carbon  dioxide.  However,  a  partial 
pressure  of  i  per  cent  of  carbon  dioxide  in  air  will  show  a  certain 
deviation  from  Boyle's  law. 

The  work  of  Berthelot,"  Fuchs,'  and  others  has  shown  that  the 
mixing  of  two  gases  originally  at  the  same  temperature  or  pressure 
is  accompanied  by  a  small  increase  in  pressure  or  volume.  The 
change  in  volume  is  a  minimum  when  the  gases  which  mix  are 
most  nearly  alike  in  their  physical  properties.  It  appears,  there- 
fore, that  in  most  cases  the  deviations  from  Boyle's  law  at  low 
pressures  should  be  taken  account  of  in  calculating  the  refrac- 
tivities  of  mixtures,  at  least  until  more  data  are  available  on  this 
point.  In  the  case  of  mixtures  of  two  gases,  such  as  oxygen  and 
nitrogen,  or  carbon  dioxide  and  nitrous  oxide,  which  are  very 
similar  in  their  physical  properties,  the  use  of  the  observed  refrac- 
tivities  will  give  the  best  results.  In  the  case  of  dissimilar  gases, 
the  refractivities' at  low  partial  pressures  should  be  corrected  for 
the  deviations  from  Boyle's  law. 

The  discussion  of  this  point  has  perhaps  taken  more  spacee 
than  its  importance  would  warrant,  but  because  these  facts  are 
usually  overlooked  in  similar  cases,  it  has  been  thought  desirable 
to  call  attention  to  them. 

The  deviation  of  a  gas  from  Boyle's  law.  can  be  calculated 
with  sufficient  precision  from  Berthelot's  equation  of  state  for 
gases  and  vapors.  Jones  and  Partington'  have  calculated  by 
means  of  Berthelot's  equation  what  they  call  the  "  ideal  refrac- 

"  Berthelot.  J.  de  physique,  8.  3  p.  521;  1899.  8  Jones  and  Partington,  Phil.  Mag.,  29,  p.  28;  1915. 

'  Fuchs,  Z.  physik.  Chem.,  92,  p.  641:  1918. 
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tivity"  of  the  gas.  The  ideal  refractivity  is,  in  effect,  the  refrac- 
tivity  at  o°  C  and  760  mm  calculated  by  means  of  Boyle's  law 
from  the  refractivity  at  very  low  pressures.  Consequently  the 
refractivity  of  any  gas  at  a  low  partial  pressure  can  be  more  pre- 
cisely calculated  from  this  value  by  application  of  Boyle's  law 
than  from  the  observ'ed  value  at  760  mm.  The  values  for  the 
ideal  refractivity  given  in  Table  i  should  be  used  where  the  differ- 
ence in  refractivity  caused  by  a  small  percentage  of  the  gas  is 
desired,  subject  to  the  conditions  outlined  in  the  preceding  para- 
graphs. 

VII.  NOTES  ON  THE  OPERATION  OF  THE  INTERFEROMETER 

In  the  use  of  the  interferometer  it  will  be  noted  that  the  read- 
ings are  a  function  of  the  temperature  and  pressure.  For  the 
greatest  convenience  calibration  curves  should  be  drawn  for 
different  temperature  and  pressure  intervals  so  that  the  correct 
reading  can  be  obtained  by  interpolation.  In  the  usual  method 
of  using  the  instnunent  and  of  calibrating  with  analyzed  gas 
mixtures  it  is  apparently  customary  to  neglect  the  effect  of  tem- 
perature and  pressure.  It  can  be  seen  from  the  equations  that 
if  the  readings  are  made  at  a  temperature  only  3°  C  higher  or 
lower  than  the  temperature  at  which  the  instrument  was  cali- 
brated, they  will  be  in  error  by  i  per  cent.  The  errors  from  this 
source,  if  neglected,  may  easily  be  greater  than  anv  of  the  errors 
of  calibration. 

Another  error  in  the  use  of  interferometers  which  employ  a 
glass  compensator  plate  comes  from  the  shift  of  the  central  white 
or  acliromatic  fringe.  This  is  due  to  differences  in  the  relative 
dispersions  of  the  gases  and  air  and  glass.  L.  H.  Adams  "  has 
analyzed  this  phenomenon  for  the  Zeiss  interferometer  and  devel- 
oped equations  by  which  the  shift  may  be  estimated.  What 
takes  place  is  that,  as  the  concentration  of  a  gas  is  changed,  the 
edges  of  the  central  achromatic  fringe  gradually  become  colored  and 
the  original  central  fringe  is  no  longer  the  most  nearly  achromatic 
fringe,  provided  the  concentration  change  has  been  carried  far 
enough.     The  result  is  in  effect  a  shifting  of  the  reference  point. 

The  number  of  scale  divisions  through  which  the  compensator 
must  be  turned  to  shift  the  achromatic  fringe  a  distance  of  one 
band  varies,  of  course,  with  every  gas.  The  interval  can  be 
determined  experimentally   by    increasing   the   concentration   of 

5  Adams,  J.,  Am.  Chem.  Soc,  37,  p.  1181;  1915. 
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the  gas  in  one  chamber  gradually  and  constantly,  meanwhile 
keeping  the  original  central  fringe  in  line  with  the  reference  fringe. 
(See  Chapter  II  on  Principle  of  Method.)  The  concentration  can 
be  increased  gradually  by  allowing  the  gas  to  enter  the  chamber 
through  a  small  needle  valve  and  slowly  dilute  the  mixture.  If 
at  any  scale  reading  the  original  central  fringe  is  still  the  most 
nearly  acliromatic,  no  error  can  result  from  that  cause,  because 
it  would  still  be  aligned  with  the  reference  fringe  to  obtain  the  scale 
reading.  The  scale  reading,  when  the  achromatic  fringe  has  shifted 
the  width  of  one  band,  should  be  noted. 

A  portable  interferometer  was  tested  in  this  way  with  carbon 
dioxide,  which  has  a  considerably  higher  dispersion  than  hydrogen, 
nitrogen,  oxygen,  etc.  There  was  no  uncertainty  as  to  which 
was  the  original  central  fringe  until  concentrations  as  high  as  60  to 
80  per  cent  of  carbon  dioxide  were  reached.  This  is  well  beyond 
the  range  of  instruments  with  100  cm  gas  tubes.  Because  of 
the  low  dispersion  of  most  gases,  no  difficulty  will  usually  be  met 
with  from  this  source  when  low  concentrations,  say  20  per  cent  or 
less,  are  being  used.  Furthermore,  when  there  is  any  doubt  as 
to  whether  or  not  a  shift  has  occurred,  it  can  be  determined  ex- 
perimentally in  the  manner  indicated. 

VIII.  ILLUSTRATIVE  CASES 

To  illustrate  the  use  of  the  equations  and  show  how  the  sensi- 
tivity of  the  interferometer  varies  under  difTerent  conditions  of 
use  and  with  different  gases,  a  number  of  typical  cases  will  be  dis- 
cussed. The  ease  and  simplicity  with  which  variations  in  AR 
and  its  equivalent,  the  scale  reading,  can  be  calculated  for  difTerent 
conditions  will  be-demonstrated.  Although  the  instrument  can  in 
most  cases  be  calibrated  with  analyzed  mixtiu-es,  the  method 
here  described  is  usually  as  accurate,  if  not  more  so. 

One  of  the  most  common  uses  of  the  interferometer  is  for  the 
determination  of  carbon  dioxide  in  mixtures  of  carbon  dioxide  and 
air.  There  are  three  typical  cases  which  may  be  considered: 
First,  a  mixture  of  carbon  dioxide  and  normal  air  is  compared 
with  normal  air  as  a  standard.  Second,  a  mixture  of  carbon 
dioxide  and  air,  in  which  there  is  a  deficiency  of  oxygen,  is  com- 
pared with  normal  air;  such  mixtures  may  occur  in  mines,  for 
example.  Third,  a  mixture  of  carbon  dioxide  and  air,  in  which 
there  is  a  deficiency  of  oxygen,  is  compared  with  the  residue 
remaining  after  the  carbon  dioxide  has  been  removed  by  absorp- 
tion. 
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FIRST  CASE 

The  difFerence  in  refractivity  between  normal  air  and  air  con- 
taining the  same  proportion  of  nitrogen  and  oxygen,  together 
with  I  per  cent  of  carbon  dioxide,  at  20°  C  and  760  mm  pressm'e 
can  be  calculated  from  equation  (5). 

211.      I 

Ar  =  AR  =  — ^ (4467  -  29 1 7)  =  1 4.44 

293  100 

SECOND  CASE 

If  I  per  cent  of  oxygen  in  the  above  mixture  is  replaced  by  i  per 
cent  of  nitrogen,  then  R^,  the  refractivity  of  the  air,  is  increased 
by  I  per  cent  of  the  difFerence  between  the  refractivities  of  nitrogen 
and  oxygen,  and  AR  is  apparently  increased  by  the  same  amount, 
or 

I      27'? 

~  (2972  —  2706)  =  2.48 

100  293  ^  ^'  '      '         ^ 

The   refractivity   of   the   standard  gas    (air)    remains   constant. 
Accordingly  the  carbon  dioxide,  as  indicated  by  the  calibration  in 

the  first  case,  will  be — '~  of  the  i  per  cent  or  0.172  per  cent  too 
14.44 

high  for  each  change  of  i  per  cent  of  oxygen.  For  example,  if  the 
interferometer  indicated  3.34  per  cent  carbon  dioxide  and  the  mix- 
ture contained  18.25  P^r  cent  oxygen  there  would  be  a  deficiency 
of  2  per  cent  [(100  — 3.34)  xo.2094  — 18.25]  i"  the  air,  and  the 
corrected  percentage  of  carbon  dioxide  would  be  3.34  —  (2  X  0.172) 
=  3  per  cent.  This  calculation  neglects  the  fact  that  the  value 
for  the  percentage  of  air  in  the  gas  (100  —  3.34)  is  only  a  first 
approximation;  a  closer  approximation  to  the  correct  value  is 
obtained  by  using  the  corrected  figures  for  carbon  dioxide,  which 
gives  100  —  3.0  =  97  per  cent  air.  Using  this  value,  the  deficiency 
in  oxygen  is  found  to  be  2.06  per  cent,  instead  of  2  per  cent,  and 
the  corrected  percentage  of  carbon  dioxide  equals  2.99  per  cent. 
Burrell  and  Seibert '°  determined  this  correction  experimentally 
and  made  six  observations  (0.135,  0.103,  0.128,  0.155,  0.162,  and 
0.160),  from  which  they  concluded  that  each  i  per  cent  lowering 
of  the  oxygen  content  increased  the  apparent  amount  of  carbon 
dioxide  by  0.15  per  cent.  In  calculating  their  values  they  sub- 
tracted the  percentage  of  oxygen  in  the  mixture  from  the  percent- 
age of  oxygen  in  normal  air  (they  use  20.93  P^r  cent).     It  is 

"  Bureau  of  Mines  Bulletin  No.  42.  p.  73;  1913. 
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obvious,  however,  that  the  percentage  of  oxygen  in  the  mixture 
varies  with  the  amount  of  carbon  dioxide  present  and  the  final 
value  they  calculate  is,  therefore,  not  a  constant  as  assumed. 
Take  their  first  observation:  The  mixture  contained  0.50  per 
cent  carbon  dioxide  and  20.19  P^^  cent  oxygen.  The  air  present 
in  the  mixture  is  then  99.5  per  cent  and  if  it  were  normal  air  the 
percentage  of  oxygen  in  the  mixture  would  be  99.5  X  0.2093  =  20.82, 
and  the  deficiency  of  oxygen,  expressed  as  a  percentage  of  the 
original  mixtiu'e  is  20.82  —  20.19  =  0.63  per  cent.  The  difference 
between  the  carbon  dioxide  indicated  by  the  interferometer  and 
by  chemical  analysis  was  o.io  per  cent.  The  error  in  the  observed 
percentage  of  carbon  dioxide  for  each  per  cent  deficiency  of  oxygen 

is  then —^  =  o. 1 59  per  cent,  instead  of  0.135,  as  calculated  by 

their  method.  When  calculated  on  this  basis,  the  average  of 
Burrell  and  Seibert's  six  experiments  is  0.166  per  cent,  which  is  in 
fair  agreement  with  the  value  0.172  calculated  in  the  preceding 
paragraph. 

Burrell  and  Seibert"  also  concluded  from  six  observations 
(0.174,  0.179,  0.138,  0.150,  0.167,  and  0.179)  that  this  figure 
was,  for  methane,  0.16  per  cent  for  each  per  cent  lowering  of 
oxygen  when  normal  air  was  used  as  standard.  Their  data 
recalculated  on  the  correct  basis  give  an  average  of  0.182  per 
cent  which  is  in  fair  agreement  with  the  theoretical  value  of  0.179. 

THIRD  CASE 

The  analysis  of  the  third  case,  where  the  carbon  dioxide  is 
removed  from  the  mixture  before  passing  it  into  the  second 
chamber  to  serve  as  the  standard  gas,  is  of  especial  interest  be- 
cause this  method  greatly  reduces  the  errors  due  to  other  varia- 
tions in  the  composition  of  the  mixture  and  extends  the  use  of 
the  interferometer  to  other  than  strictly  binary  mixtures. 

The  effect  of  any  variation  in  composition  upon  the  difference 
in  refractivity  of  the  gases  in  the  two  chambers  can  be  easily 
calculated.  In  the  case  at  hand  let  i?,  be  the  refractivity  of  the 
constituent  for  which  the  calibration  is  sought  and  i?,  the  refrac- 
tivity of  the  standard  gas  which  remains  after  removal  of  the 
first  gas  from  the  mixture.  Also  let  R3  be  the  refractivity  of  the 
gas,  such  as  oxygen,  nitrogen,  etc.,  which  dilutes  the  original 
mixture  and  also  the  standard  gas.  Then  let  a  be  the  percentage 
of  Ri  and  b  the  percentage  of  R,  which  is  present. 

^^  1,0c.  cit. 
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The  difference  in  refractivity  between  the  two  chambers  when 
a  per  cent  of  the  first  gas  is  in  one  chamber  is  given  by  equa- 
tion (5). 

If  b  per  cent  of  the  gas  having  the  refractivity  R3  is  present, 

the  difference  in  refractivity  between  the  two  chambers  is  as 

follows : 

(7) 

r ^    o,       „  (100  — a  — b)     „    b  ~]  r ^  (100 ~ a— b)     ^       b      ~\ 

Ar,=\  R, +R.^ -+R, -   R^~ '-+R. 

|_    '100        -         100  nooj  |_    ^     100  — a  ^100  — aj 

In  this  equation  the  quantities  in  the  two  brackets  are  the  refrac- 
tivities  of  the  gases  in  the  two  chambers.  It  should  be  noted 
that  the  change  of  b  per  cent  of  the  third  gas  in  the  mixture  corre- 
sponds to  a  change  of in  the  residue  after  a  per  cent  of  the 

100  — a 

first  gas  has  been  removed.     Equation  (7)  simplifies  to 

Ar,=^- ^ fi?,  (ioo-a-6)+i?36l  (8) 

100     100^  —  looa  [_  J 

Subtracting  equation  (8)  from  (5)  to  determine  the  difference  in 
A*",  with  and  without  the  third  gas,  we  have 

Ar-Ar,= ~ (R.-R^)  (9) 

loo^-iooa 

Equation  (9)  can  be  written  by  inspection  when  the  relations  in- 
volved are  understood;  however,  it  is  developed  in  the  above 
manner  in  order  to  make  each  step  clear. 

The  effect  on  the  indicated  percentage  of  carbon  dioxide  in 
air,  when  the  composition  of  the  air  varies,  can  now  be  calculated. 
If  a,  the  percentage  of  carbon  dioxide,  and  b,  the  change  in  per- 
centage of  oxygen  from  normal  (20.94  P^^  cent) ,  are  both  i ,  then 
at  20°  C 

27*?  I 

Ar—  Ar,  =— ^.  (2706  —  2972)  • =  —0.025. 

293    '   '  ^'   '    9900 

AR  for  I  per  cent  of  carbon  dioxide  in  air  imder  the  conditions 
of  the  first  or  normal  case  is  14.44;  the  obser\^ed  reading  under 

the  conditions  of  the  third  case  is  accordingly   '- of  the 

14.44 
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I  per  cent,  or  o.ooi  7  per  cent,  too  low.  When  normal  air  was 
used  as  the  standard  gas,  each  decrease  of  i  per  cent  of  oxygen 
raised  the  apparent  amount  of  carbon  dioxide  by  0.172  per  cent. 
In  the  cases  just  cited  there  was  a  deficiency  of  oxygen.  The 
case  in  which  there  is  an  excess  of  oxygen  in  the  air  is  also  met 
with  in  practice  and  is  treated  in  a  similar  manner.  This  condi- 
tion occurs  in  the  analysis  of  gas  from  a  balloon  or  airship  having 
an  envelope  of  rubberized  fabric.  Because  of  the  higher  per- 
meability of  rubber  to  oxygen  than  to  nitrogen  the  air  penetrating 
rubber  may  contain  as  high  as  41  to  42  per  cent  oxygen.'-  This 
fact  should  be  taken  account  of  in  all  analyses  of  gases  from 
balloon  envelopes. 

CHOICE  OF  STANDARD  GAS 

It  may  be  remarked  in  passing  that  the  character  of  the  stand- 
ard gas  has  no  relation  to  the  sensitivity  of  the  interferometer. 
It  merely  provides  a  standard  constant  refractivity  from  which 
differences  may  be  measured.  A  change  of  i  per  cent  of  carbon 
dioxide  in  air  produces  the  same  difference  in  scale  reading  (pro- 
viding the  scale  is  linear)  whether  air  or  carbon  dioxide  or  any 
other  gas  is  the  standard.  It  makes  a  great  practical  difference, 
however,  in  convenience  and  acciu^acy  as  to  what  gas  is  used  as 
the  standard.  Take  the  case  of  carbon  dioxide  in  air.  If  i  per 
cent  of  carbon  dioxide  in  air  is  compared  with  air  as  a  comparison 
gas,   then    A)',   the   difference   in  refractivity  between   the  two 

chambers  is  equal  to  X  1444  at  20°  C  and  760  mm   pressure. 

If  carbon  dioxide  is  used  as  a  comparison  gas  the  difference  in 

refractivity  between  the  two  chambers  is  equal  to  -^^  X  1444.     In 

the  first  case,  a  change  of  1  per  cent  in  temperature  or  pressure 
makes  a  difference  in  Ar  (see  equation  5)  corresponding  to  o.oi 

per  cent  carbon  dioxide  (  — '—^  )•     In    the    second   case    such    a 

\i4-44/ 

change   in   temperature   or   pressure   makes   a   difference   in    /\r 

corresponding  to  0.99  per  cent  carbon  dioxide  (  — -^ ^^^  ) 

\  1444  / 

which  is  almost  as  much  as  the  quantity  being  determined  (i.oo 

per  cent). 

,  "2  See  article  by  Edwards  and  Ledig  on  "The  Significance  of  Oxygen  in  Balloon  Gas,"  Aviation,  6.  p.  325; 
J919. 
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It  is  thus  apparent  that  the  greatest  freedom  from  error  due 
to  changes  in  temperature  and  pressure  is  secured  when  the 
difference  in  refractivity  between  the  mixture  and  the  standard 
gas  is  a  minimum.  This  condition  is  usually  met  when  the 
major  constituent  of  the  mixture  is  used  as  the  standard  gas; 
the  zero  reading  of  the  interferometer  then  corresponds  to  a 
zero  difference  in  optical  path  between  the  two  tubes. 

ANALYSIS  OF  FLDE  GAS 

The  interferometer  has  been  suggested  and  used  for  the  analysis 
of  flue  gas.  The  situation  in  this  case  is  rather  complex  because 
of  the  number  of  gases  which  may  be  present  in  the  mixture. 
Usually  the  percentage  of  carbon  dioxide  in  a  flue  gas  is  deter- 
mined because  it  is  an  index  of  the  proper  firing  conditions.  The 
flue  gas  can  be  considered  to  be  a  mixture  of  carbon  dioxide  and 
nitrogen  with  varying  amounts  of  oxygen,  carbon  monoxide, 
hydrogen,  methane,  and  water  vapor,  depending  upon  the  fuel 
used,  the  completeness  of  combustion,  etc.  It  is  interesting  to 
analyze  the  conditions  and  show  what  the  error  would  be  with 
any  combination  of  gases. 

The  best  method  of  operation,  of  course,  is  to  absorb  the  carbon 
dioxide  after  passing  the  gas  through  one  chamber  and  to  use  the 
residue  as  a  standard  of  comparison.  Take  the  case  of  a  furnace 
gas  of  the  composition  shown  in  Table  2.  In  this  example  carbon 
dioxide  is  the  gas  sought,  and  the  residue,  after  the  absorption  of 
the  carbon  dioxide,  is  assumed  to  be  nitrogen  (considering  the 
argon  present  as  nitrogen),  with  the  other  gases  as  diluents.  In 
Table  2  are  tabulated  the  corrections  to  A/v  calculated  according 
to  equation  (9). 

TABLE  2. — Corrections  to  Indicated  Percentage  of  Carbon  Dioxide  for  a  Certain 

Furnace  Gas 


Constituent 

Per  cent 
present 

^RXIO-' 

(io™)^'^x^»-- 

CO2  ...               

13.5 
2.0 
4.6 
0.2 
1.4 

78.3 

CO2-N2-+I498 
O:    -N,^-  266 
CO  -N2=+  375 
CH4-Ni=+1436 
H,   -Ni=-1585 

0, 

-0.83 

CO                           - 

+  2.69 

TH, 

+  0.45 

H... 

-3.46 

Ni. . ,                               

=  1.15 
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The  corrections  in  the  last  column  are  calculated  in  the  manner 
indicated.     The  value  for  the  2  per  cent  of  oxygen  for  example  is 

— ^i^^' — X 266  =—0.8^.     The   error   in   the   reading    for    13.5 

10  000-1350 

per  cent  carbon  dioxide  is    —   -^ =    —0.0057  or  the  per- 

^  14.98X13-5 

centage  of  carbon  dioxide  indicated  b}'  the  interferometer  will 
be  13.5  —  (0.0057  X  13.5)  =  13-42  per  cent  CO,.  The  amount  of  this 
correction  is  entireh-  negligible  in  any  flue-gas  analysis.  Mohr  " 
has  analyzed  a  number  of  flue  gases  and  found  that  the  percentage 
of  carbon  dioxide  as  determined  with  the  interferometer  agreed 
within  the  limits  of  the  instnmient  (o.i  per  cent  CO,)  with  the 
values  found  by  the  usual  method  of  gas  analysis  by  absorption. 
The  errors  of  the  interferometer  were  of  the  order  indicated  by 
the  theory  discussed  above. 

The  carbon  monoxide  and  methane  in  the  furnace  gas  could 
also  be  determined  by  first  removing  all  the  carbon  dioxide  and 
then  oxidizing  the  carbon  monoxide  and  methane  with  hot  copper 
oxide.  The  carbon  dioxide  formed  in  the  gas  mixture  could  then 
be  determined  in  the  manner  just  outlined,  and  this  percentage 
would  be  equal  to  the  sum  of  the  percentages  of  carbon  monoxide 
and  methane  originally  present. 

Kreisinger,  Augustine,  and  0\'itz  "  have  found  that  the  com- 
bustible gases  in  furnace  gas,  other  than  carbon  monoxide, 
consist  mainly  of  hydrogen;  methane  and  other  hydrocarbons 
occur  only  in  traces.  Furthermore,  the  carbon  monoxide  con- 
stitutes about  80  per  cent  of  the  total  combustible  gases.  These 
observations  are  of  interest  in  connection  with  the  subject  of 
flue-gas  analysis. 

DETERMINATION  OF  HELIUM  IN  MIXTURES 

The  interferometer  was  foimd  useful  in  the  analysis  of  a  sample 
of  helium  produced  by  the  fractional  liquefaction  of  natural  gas; 
the  details  of  the  analysis  are  of  interest  because  they  illustrate 
the  use  of  the  methods  already  discussed.  From  the  method  of 
manufacture,  the  gas  was  known  to  consist  of  helium  and  nitrogen 
with  smaller  amounts  of  methane.  Tests  showed  the  absence  of 
oxygen  in  the  mixture.  Because  of  the  presence  of  three  constitu- 
ents, the  readings  of  the  interferometer  alone  are  not  determinate. 

'2 Mohr,  Zs.  angew.  Chem..  2a,  p.  uij;  1912.  '*  Bureau  of  Mines  Bulletin  13s.  p.  107;  1917. 
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Accordingly   the  methane    (other   hydrocarbons   assumed  to  be 
absent)  was  determined  in  a  separate  sample  by  combustion  with 
oxygen  over  a  heated  platinum  wire;    the  amount  found  was  0.2 
per  cent.     The  interferometer  gave  a  reading  of  1577  scale  divi- 
sions when  the  mixtiu^e  was  compared  with  air.     The  calibration 
of  the  interferometer  showed  this  to  be  equivalent  to  a  Ar  of 
2421X10"'  at   0°  C  and   760  mm  pressure.     The  refractivity  of 
the  mixture  is  then  equal  to  2917  —  2421  =496X  10"'.     If  X  equals 
the  percentage  of  helium  present   then  the   refractivity  of    the 
mixture  is  also  given  by  the  following  relation  (see  equation  (3)). 
X(342)  +  (1.00  — X  — 0.002)    (2972)  +0.002(4408)  =496 
X  =0.943 
The  complete  analysis  is  then  as  follows: 

Percent 

Helium 94.  3 

Nitrogen 5.  2 

Methane o.  2 

100.  o 

The  analysis  made  in  this  way  was  checked  by  using  the 
density  of  the  mixture  and  its  constituents  in  place  of  the  refrac- 
tivity. This  latter  method  indicated  the  presence  of  94.6  per 
cent  helium  in  the  mixture.  The  difference  is  only  3  parts  in 
1000,  which  is  quite  a  satisfactory  agreement.  It  is  much  simpler 
and  quicker,  however,  to  determine  the  refractivity  with  the 
interferometer  than  to  determine  the  density  with  the  necessary 
accuracy. 

Another  sample  of  helium  analyzed  in  the  same  manner  with 
the  interferometer  showed  the  following  composition: 

Per  cent 

Helium 53-6 

Nitrogen 34.  5 

Methane 11. 9 

100.  o 

The  percentages  of  helium  and  nitrogen  were  also  calculated 
from  the  density  of  the  mixture  and  found  to  be  53.4  and  34.7, 
which  is  also  a  vers*  satisfactory  agreement  considering  the  nattire 
of  the  problem. 

IX.  SENSITIVITY  OF  INTERFEROMETER 

The  sensitivity  of  the  interferometer  depends  on  the  length  of 
the  gas  chambers  and  certain  other  constants  of  the  instrument. 
The   Zeiss  portable  interferometer  with    10  cm    tubes  indicates 
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about  0.1  per  cent  carbon  dioxide  in  air  for  each  small  scale 
division.  The  laboratory  type  with  100  cm  chambers  indicates 
about  o.oi  per  cent  carbon  dioxide.  The  relative  sensitivity  of 
the  instrument  for  different  gases  is  shown  in  Table  3.  It  is 
assumed  that  each  scale  division  indicates  o.oi  per  cent  carbon 
dioxide.  The  percentage  of  other  gases  in  certain  mixtures, 
which  is  indicated  by  each  scale  division,  is  shown  in  the  last 
column. 

TABLE  3. — Relative  Sensitivity  of  Interferometer  for  Different  Gases 


Constituent  to  be  determined 


Composition 
of  mixture 


AR  X  10-' 

lor  1  per 

cent  of  gas 

atO°C- 

760  mm 


1  scale  divi- 
sion indicates 
per  cent 


Carbon  dioxide. 

Methane 

Hydrogen 

Oxygen 

Do 

Nitrogen 

Helium 

Ammonia 

Acetylene 


CO2— Air 

CH,-Air 
H.-Aii 
H-— Os 
Oj-Ni 
Oj-Ni 
He-N: 

NHa-Air 
CjHs-Air 


15.50 
14.91 
15.29 
13.18 
2.66 
2.66 
26.30 
8.61 
30.54 


0. 0100 
.0104 
.0101 
.0118 
.0583 
.0583 
.0059 
.  0180 
.0051 


Many  other  interesting  cases  could  be  discussed;  the  present 
examples,  however,  are  typical  of  those  met  with  in  practice  and 
illustrate  the  use  of  the  equations  and  the  method  of  deteiTnining 
the  suitability  of  the  interferometer  for  any  specific  purpose. 

X.  SUMMARY 

The  principle  .of  the  gas  interferometer  and  its  method  of  use 
in  gas  analysis  is  discussed  in  connection  with  the  calibration  of 
the  instrument.  The  effect  produced  upon  the  observations  by 
variations  in  gas  composition  and  experimental  conditions  is 
analyzed  and  equations  developed  by  which  the  magnitude  of 
such  changes  can  be  estimated.  Typical  cases  in  which  the  inter- 
ferometer may  be  employed,  such  as  for  the  analysis  of  mixtures 
containing  helium,  analysis  of  flue  gas,  etc.,  are  given  together 
with  points  on  sources  of  error,  details  of  operation,  and  the 
relative  sensitivity  of  the  interferometer  for  different  gases. 

Washington,  March  14,  1919. 
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I.  INTRODUCTION 

Certain  compositions  of  the  light,  i.  e.,  aluminum-rich,  alloys 
of  aluminum  with  magnesium  and  copper  have  become  quite 
well  known  within  the  past  10  years  under  the  name  of  diu-alumin. 
These  alloys  are  used  for  rolling  and  forging  and  can  be  so  treated 
as  to  develop  quite  remarkable  mechanical  properties.  Thus  a 
properly  heat  treated  alloy  containing  about  4  per  cent  of  copper 
and  about  0.5  per  cent  of  magnesium,  rolled  into  sheet  or  rod, 
will  have  a  tensile  strength  of  approximately  55  000  poimds  per 
square  inch,  with  an  elongation  in  2  inches  of  about  1 5  per  cent. 
This  alloy,  duralumin,  was  developed  by  Wilm,'  and  its  properties 
more  fully  described  by  Cohn.^ 

The  authors  considered  it  worth  while  to  investigate  the  me- 
chanical possibilities  of  the  light  alloys  of  two  somewhat  analo- 
gous ternary  series;  namely,  of  aluminum-magnesium-nickel  and 
of  aluminum-magnesium-manganese,  to  study  the  effect  of  vari- 
ation of  composition  upon  mechanical  properties  within  the  alimii- 
num-rich  group  of  the  aluminum-magnesium-copper  alloys  and  to 
compare  the  mechanical  properties  of  the  three  ternary  series. 

*  A.  Wikn,  Physical-metallurgical  investigations  of  aluminum  alloys  containing  magnesium,  Metallurgie, 
8,  pp.  325,  650;  1911. 

'  L.  M.  Cohn.  Duralumin,  Zeit.  z.  Befordenmg  d.  Gewerbefleisses,  89,  p.  643:  1910.  Also  in  Electro- 
terhniV  u.  Maschinenbau,  30,  pp.  809,  839;  1912. 

121484°— 19  ^ 
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This  work  was  carried  out  with  the  cooperation  of  the  Alumi- 
num Co.  of  America;  the  alloys  were  prepared  there  and  most  of 
the  mechanical  tests  were  performed  by  Mr.  Waltenberg  in  the 
laboratories  of  the  company  at  New  Kensington.  The  authors 
\vish  to  express  their  appreciation  of  the  aid  and  assistance  thus 
given  by  the  company  through  E.  Blough. 

No  pre\aous  investigation  has  been  made,  or  at  least  published, 
of  these  three  temar>-  systems,  except  that  dealing  with  the  com- 
positions called  diu-alumin  mentioned  above.  Light  alloys  of 
other  related  alloy  series  have  been  prepared  and  their  properties 
investigated,  viz,  those  of  aluminum-copper,^  of  aluminum- 
manganese,*  of  aluminum-nickel  *•  ^,  of  aluminum-magnesium,* 
of  aluminum-manganese-copper,"  and  of  aluminum-nickel-copper.' 

II.  PREPARATION  OF  THE  ALLOYS 

The  alloys  were  prepared  by  melting  standard  99  per  cent 
aluminum  ingots  with  the  proper  amount  of  aluminum  hardener, 
consisting  of  an  alloy  of  aluminum  and  the  magnesium,  copper, 
nickel  or  manganese  depending  upon  the  alloy  to  be  produced. 
The  melts  were  made  in  crucibles,  attention  being  given  to  see 
that  the  temperature  during  melting  did  not  exceed  800°  C,  as 
above  this  temperature  the  ingots  poured  from  crucibles  are  apt 
to  be  porous  and  unsound  due  to  the  absorption  of  gas  by  the 
metal.  The  melting  temperature  was  usually  about  700°  C. 
The  miolten  metal  was  povned  into  water-cooled  iron  molds  giving 
ingots  3.5  by  12  by  24  inches  in  dimensions. 

These  ingots  were  reheated  to  from  400  to  450°  C  in  a  large 
reheating  furnace,  sent  to  the  hot  rolls,  rolled  and  cross-rolled  at 
these  temperatures  to  a  thickness  of  0.25  inch.  They  were 
then  allowed  to  cool  in  the  air  and  cold  rolled  to  0.081  inch  thick- 
ness (No.  12  B.  &  S.),  annealed  at  from  400°  to  450°  C,  rolled  cold 
to  0.051  inch  thickness  (No.  16  B.  &  S.),  annealed  again  and 
finished  cold  at  0.032  inch  thickness  (No.  20  B.  &  S.). 

Test  specimens  prepared  from  these  sheets  were  tested  (i)  in 
the  cold  rolled  condition,  (2)  after  annealing  at  422°  C,  and  (3) 
after  heat  treatment,  consisting  of  quenching  at  various  tempera- 
tures and  allowing  the  quenched  specimens  to  stand  or  "age" 

*  H.  C.  H.  Carpenter  and  C.  A.  Edwards.  Alloys  of  aluminum  and  copper,  Proc.  Inst.  Mech.  Engineers, 

p.  st; 1907. 

*  H.  Schirmeister.  Investigations  of  binary  aluminum  alloys.  Stahl  u.  Eisen.  35.  pp.  648.  873;  1915. 

*  A.  A.  Read  and  R.  H.  Greaves,  The  properties  of  some  aluminum-nickel  and  of  aluminum-nickel- 
copper  alloys.  Joum.  Inst.  Met..  13.  p.  100;  1915. 

*  W.  Rosenhain  and  F.  C.  Lantsberry,  Alloys  of  copper,  aliuninum  and  manganese,  Proc  Inst.  Mech« 
Engineers,  p.  rz9;  1910. 
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for  several  days  before  testing.  The  latter  feature  of  this  heat 
treatment  will  henceforth  be  termed  "aging,"  and  is  necessary 
in  order  to  develop  the  highest  mechanical  properties  in  the  light 
alloys  of  the  aluminum-copper-magnesium  series.  It  will  be 
noticed  that  some  of  the  alloys  of  the  latter  series  were  aged  at 
110°  C,  whereas  those  of  the  others  were  aged  only  at  about 
room  temperature  (20°  C). 

III.  COMPOSITION  OF  THE  ALLOYS 

It  was  desired  to  include  in  the  list  of  alloys  which  were  to  be 
prepared  compositions  of  each  ternary  series  with  the  individual 
percentages  of  the  components  varying  by  intervals  of  i  per  cent 
and  with  a  total  combined  content  of  hardening  components  not 
exceeding  4.5  per  cent,  since  with  a  smaller  aluminum  content 
these  alloys  can  not  be  readily  rolled  into  sheet.  The  actual 
compositions  obtained  as  determined  by  chemical  analysis  are 
given  in  Table  i.  The  B  series  is  that  containing  manganese, 
the  C  series  that  containing  copper,  and  the  D  series  that  con- 
taining nickel. 

IV.  MECHANICAL  TESTS 

The  results  of  the  tests  made  on  the  strips  cut  from  the  sheets 
are  given  in  the  Tables  2,3,  and  4. 


TABLE  1.— Chemical  Composit 

ion  of  Alloys  " 

Number 

Al 

Mg 

Cu 

Mn 

Ni 

Fe 

SI 

B-1 , 

Per  cent 

97.00 
97.17 
96.14 
98.02 
95.08 
96.86 
96.31 
97.27 
96.69 
97.15 
96.65 
96.11 
96.72 
96.62 
96.68 
95.98 
95.83 
95.51 
95.74 
95.48 

Per  cent 

1.15 

None 
1.09 

None 
2.03 
1.44 
1.99 
1.16 
2.37 

None 
2.84 

None 
2.03 
1.00 
1.07 
3.50 
2.95 
1.26 
.46 
.64 

Per  cent 

0.02 

.04 

.15 

.08 

.08 

.10 

.03 

.72 

.04 

2.15 

.04 

3.19 

.72 

1.80 

1.67 

.08 

.74 

2.58 

3.18 

3.22 

Per  cent 
1.04 
1.71 
1.68 

Per  cent 
None 
None 

None 

Per  cent 
0.48 
.76 
.56 
.44 
.76 
.40 
.41 
.56 
.62 
.36 
.27 
.40 
.30 
.35 
.33 
.26 
.27 
.41 
.34 
.39 

Per  cent 
0.31 

B-2 

.32 

B-3    .  .            

.38 

B-4 

1.07  '       None 

1.68  1       None 

.93  !        None 

.39 

B-S    

.37 

B-6 

.27 

B-7 

.94 
None 
None 
None 

None 
None 
None 
None 

.32 

C-1 

.29 

C-2 

.28 

C-3 

.34 

C-4 

.20 

C-5  ...                    

None           None 

.30 

C-6 

None 
None 

.02 
None 
None 

.02 
None 
None 

None 
None 
None 
None 
None 
None 
None 
None 

.23 

C-7 

.23 

C-8 

.23 

C-9 

.18 

C-10 

.21 

C-11 

.22 

C-12 

.24 

A-1-12 

.27 

a  Altuninum  determined  by  difference. 
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TABLE  1— Continued. 


Number 

Al 

Mg 

Cu 

Mn 

Ni 

Fe 

SI 

E-3 

Per  cent 

96.80 
97.44 
97.47 
95.82 
96.04 
96.70 
95.62 
95.14 
94.65 
95.41 

Per  cent 

1.06 

.98 

None 

None 

1.18 

1.84 

1.94 

None 

.94 

2.86 

Per  cent 

1.56 
.02 
.08 
.02 
.08 
.06 
.04 
.06 
.09 
.06 

Per  cent 
None 
None 
None 
None 
None 
None 
None 
None 
None 
None 

Per  cent 
None 
1.00 
1.76 
3.40 
1.98 
.80 
1.80 
3.94 
3.54 
1.08 

Per  cent 

.32 
.36 
.44 
.44 
.48 
.43 
.46 
.58 
.65 
.39 

Per  cent 

.26 

D-1 

.20 

D-2 

.25 

D-3 

.32 

D-4 

.24 

D-5 

.17 

D-6 

.  14 

D-7 

.28 

D-8 

.13 

D-9 

.20 

TABLE  2. — Mechanical  Properties  of  Alloys  of  Aluminum-Magnesium-Manganese 


As  rolled 

Annealed  at  371°  C 

Annealed  at  422°  C 

Quenched  from  500"  C, 
aged  8  days  at  20°  C 

Num- 
ber 

Sclero- 
scope 
hard- 
ness o 

Ultimate 
tensile 
strength 

Elonga- 
tion 
in2 
inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Elon- 
gation 
in  2 
inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Elonga- 
tion 
in2 

Inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 

tensile 
strength 

Elon- 
gation 
ln2 
inches 

B-1 

30.0 

Lbs./in.' 

32  400 

P.  ct. 

2.0 

13.5 

Lbs./in.2 
25  500 

P.  ct. 

14.0 

11.5 

Lbs./in.s 
24  700 

P.  ct. 

12.0 

Lbs./in.2 
22  300 

P.  ct. 

22.0 

31  600 

2.0 

25  300 

24  700 

13.0 

23  100 

25.0 

32  400 

2.5 

25  900 

19.0 

23  400 

11.5 

22  900 

17.0 

31  000 

2.0 

B-2 

20.0 

24  000 

4.5 

10.5 

16  800 

26.0 

8.5 

16  000 

30.5 

8.5 

14  200 

36.5 

22  000 

3.5 

16  700 

24.0 

16  000 

35.5 

14  600 

36.5 

24  100 

4.0 

16  200 

31.0 

15  800 

30.0 

14  400 

35.0 

B-3 

32.0 

34  600 

35  000 

2.0 
2.0 

14.0 

26  400 
26  000 

14.0 

14.0 

25  300 
24  700 

18.0 

17.5 

35  600 

2.5 

25  800 

12.0 

24  900 

20.0 

B-4 

20.0 

21  500 

22  500 

6.5 

14  300 
13  700 

42.0 
41.0 

7.0 

12  800 
12  900 

26.0 

3.0 

40.0 

22  100 

3.0 

13  300 

41.0 

12  300 

35.0 

23  500 

3.0 

22  900 

3.0 

22  300 

5.5 

23  500 

4.0 

B-5 

36.0 

39  300 

40  300 

2.0 
2.0 

13.5 

29  400 
28  600 

20.0 
16.0 

15.0 

28  800 

29  400 

16.0 

15.0 

37  500 

2.0 

28  600 

28  000 

B-6 

36.5 

45  000 
42  700 

3.5 
2.5 

14.0 

33  100 

13.0 

13.5 

34  100 
33  100 

19.0 

17.0 

32  600 

17.0 

B-7 

35.5 

37  200 
40  700 

2.5 
4.0 

13.0 

29  600 
29  200 

15.5 
17.0 

14.0 

29  000 
29  000 

19.5 

19.5 

29  400 

18.0 

o  Taken  with  magnifying  hammer. 


Properties  of  Light  Alloys  7 

TABLE  3. — Mechanical   Properties   of  Alloys   of  Aluminum-Magnesium-Copper 


As  tolled 

Armealed  at  422°  C 

Quenched  from  5 1 0  °  C .    Aged : 
a, 20°  Ct  b,  110°  C 

Num- 
ber 

Sclero- 
Bcope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Elonga- 
tion in 
2  inches 

Sclero- 
scope 
hard- 

nesso 

Ultimate 
tensile 
strength 

Elonga- 
tion in 
2  inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 

tensile 
strength 

Elonga- 
tion in 
2  inches 

C-  1 

42 

Lbs./in.  2 
49  000 
48  400 

Per  cent 

2.0 
2.5 

15.5 

Lbs./in. ! 

33  300 
33  100 

Per  cent 

17 

Lbs./in.  > 

r38  030 
^[37  220 

Pet  cent 

17.0 

15.0 

16.5 

48  600 

2.5 

32  700 

14.0 

27 

r48  120 
(47  210 

16.0 

49  600 

2.5 

18.5 

C-2 

19 

25  800 

4.0 

7.5 

16  600 

35.0 

8 

[16  670 

M.^t 

23  600 

3.0 

15  900 

35.0 

*il6  670 

33.0 

23  600 

3.5 

16  100 

33.0 

8 

JI6  510 
(16  510 

28.0 

33.0 

C-  3 

35 

34  900 

2.5 

7.0 

21  600 

31.0 

13 

^r26  350 

19.0 

35  700 

21  800 

33.0 

*i27  690 

11.5 

34  000 

1.5 

22  000 

33.5 

II 

^j29  420 
127  790 

20.0 

19.5 

C-  4 

37 

38  400 

10.5 

29  200 

18.0 

11 

(30  060 
l29  700 

23.0 

38  600 

1.5 

29  200 

18.0 

16.5 

37  200 

1.5 

29  400 

21.0 

14 

^  31  590 
31  350 

19.0 

20.0 

C-  5 

34 

35  900 
37  500 

8.0 

23  000 
22  400 

30.0 
28.5 

14 

(31  960 
*l30  500 

15.5 

2.5 

14.0 

37  700 

2.0 

22  800 

32.5 

14 

^ (30  910 
bl 
[33  970 

19.0 

C-  6 

38 

35  300 

1.0 

13.0 

30  500 

15 

J33  370 

17.0 

38  500 

0.5 

29  900 

18.5 

'l33  950 

23.5 

38  100 

1.5 

30  800 

16.0 

26 

43  190 
43  560 

18.5 

18.0 

C-7 

44 

44  200 

2.0 

17.0 

33  300 

26.0 

24 

(45  650 
*l45  740 

18.5 

45  500 

2.0 

34  600 

25.5 

19.5 

45  300 

34  800 

25.0 

35 

-53  970 
l52  250 

20.0 

38 

38  190 

1.5 

12.5 

28  500 

18.5 

C-8 



38 

38  100 
41  200 

12.0 

29  100 
31  600 

18.5 
17.5 

13 

(29  120 

C-  9 



1.5 

21.0 

43  200 

1.5 

31  200 

17.5 

"[29  500 

22.0 

41  200 

1.5 

30  500 

14 

bP"  "" 
(30  270 

23.0 

22.0 

C-10 

45 

44  800 

1.5 

12.0 

30  600 

19.0 

14 

^[37  430 

24.5 

44  600 

1.5 

30  200 

19.0 

137  630 

21.5 

47  500 

1.5 

30  200 

17.0 

26 

147  690 
147  690 

21.5 

22.5 

C-11 

50 

56  700 

2.0 

15.5 

34  900 

20.5 

29.5 

151  520 
"l50  870 

21.0 

52  900 

1.5 

36  000 

24.0 

24.0 

58  400 

2.0 

34 

.54  740 
l55  590 

23.0 

20.0 

C-12 

31 

38  900 
38  600 

5.0 
5.0 

7.5 

23  100 
23  000 

24.0 
24,0 

25-28 
26 

142  370 

39  340 

^149  230 

149  830 

14.5 
16.5 
26.5 

25.5 

o  Taken  with  magmfying  hammer. 
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TABLE  4. — Mechanical   Properties   of  Alloys   of  Almninum-Magnesium-Nickel 


As  rolled 

Annealed  at  500""  C 

Quenched  from  500°  C. 
Aged  20  days,  at  20°  C 

Num- 
ber 

Sclero- 
scope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Yield 
point 

Elonga- 
tion in 
2  inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Elonga- 
tion in 
2  inches 

Sclero- 
scope 
hard- 
ness a 

Ultimate 
tensile 
strength 

Elonga- 
tion in 
2  inches 

D-1 

23 

Lbs./in.2 

23  800 

Percent 

3.0 

7 

Lbs./in.  2 
17  800 

Per  cent 

15.0 

15 

Lbsjin.!" 

27  700 

Per  cent 

18.0 

25  500 

21  000 

3.5 

7 

17  900 

18.5 

14 

26  200 

21.0 

D-2 

22 

24  900 

17  500 

2.5 

7 

18  000 

29.5 

7.5 

18  600 

28.5 

25  200 

18  000 

2.5 

6.5 

17  700 

24.0 

7 

18  600 

27.0 

D-3 

27 

32  100 
32  600 

3.0 
3.5 

8 
8 

21  600 
20  600 

27.0 
29.0 

10 
9 

21  600 
21  600 

24.0 

20.0 

D-4 

27.5 

29  900 

25  500 

2.0 

9.5 

20  900 

20.0 

13 

27  900 

IS.O 

29  300 

25  500 

2.5 

9.5 

21  100 

20.5 

14 

27  100 

17.0 

D-5 

29 

33  000 

30  000 

4.0 

10 

24  200 

21.0 

12 

28  100 

19.0 

34  300 

29  000 

4.5 

11 

21  100 

16.5 

12.5 

27  600 

18.5 

D-6 

30 

36  900 

31  000 

1.5 

11 

25  200 

18.0 

14 

29  900 

20.0 

35  200 

31  000 

1.0 

12 

25  400 

18.5 

13.5 

29  100 

21.5 

D-7 

24 

29  200 

21  000 

3.0 

10 

20  200 

23.0 

9 

22  700 

21.5 

' 

29  300 

21  000 

3.0 

10 

20  200 

24.5 

10 

22  400 

21.0 

D-8 

28 

33  800 

28  500 

2.5 

10.5 

21  400 

19.0 

16 

31  000 

15.5 

34  100 

29  000 

1.5 

11 

22  600 

19.0 

15 

31  500 

15.0 

D-9 

32 

42  000 
40  600 

35  000 
34  500 

3.0 
3.0 

13 
13.5 

28  900 
28  800 

14 
15 

32  200 
31  800 

18.0 

16.0 

a  Taken  with  magnifying  hammer. 

From  a  study  of  these  tables  several  facts  are  apparent. 

The  alloys  of  aluminum-manganese  and  of  aluminimi-manganese- 
magnesium  are  not  improved  by  heat-treatment  of  the  type  used 
for  duralumin.  The  alloys  of  alum.inum-nickel  alone  are  also  not 
appreciably  affected  by  this  heat-treatment  (see  Nos.  D-2,  D-3, 
and  D-7) ,  but  in  those  alloys  in  which  both  nickel  and  magnesiimi 
are  present  the  heat-treated  specimens  are  harder  and  stronger 
than  the  annealed  ones. 

Within  the  C  series  it  is  noticed  that  alloys  containing  magnesium 
but  no  copper  are  not  improved  by  heat- treatment ;  alloys  con- 
taining copper  but  no  magnesium  are  moderately  affected;  the 
greatest  increases  in  hardness  and  strength  are  found  in  the  heat- 
treated  specimens  of  alloys  containing  both  copper  and  magnesium. 

Table  5  gives  a  survey  of  the  percentage  increase  of  strength 
of  the  heat-treated  over  the  annealed  specimens  of  the  same 
composition. 

In  the  annealed  condition  and  for  equal  additions,  either  with 
or  without  magnesium,  copper  seems  to  confer  the  greatest 
hardening  effect,  next  manganese,  and  then  nickel.  This  is 
shown  in  the  comparisons  of  Table  6. 
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At  about  3  per  cent,  magnesium  alone  appears  to  exert  a  greater 
hardening  effect  than  the  same  percentage  o-f  the  other  metals, 
but  at  about  2  per  cent  exerts  a  lesser  effect  than  that  of  copper. 

TABLE  5. — Percentage  Increase  of  Tensile  Strength  of  Heat-treated  Specimens  over 
Annealed  Ones  of  the  Same  Composition 


Alloys  containing- 


Mangauese,  no  magnesium  B-2  (—9  per 
cent)  B-4  (  —  7  per  cent) 

Manganese  and  magnesium  B-1  (—4  per 
cent)  B-3  C-5  percent)  B-5  (0)  B-6  (0) 
B-7  (  —  2  percent) 

Nickel,  no  magnesium  D-2  (3  per  cent) 
D-3  (3  per  cent)  D-7  (12  percent) 

Nickel  and  magnesium  D-1  (40  per  cent) 
D-4  (31  percent)  D-5  (24  per  cent)  D-6 
(17  per  cent)  D-8  (41  per  cent)  D-9  (11 
per  cent) 


Average 
increase 


Per  cent 


Alloys  containing — 


Copper,  no  magnesium  C-3  (28  per  cent) 
C-S  (41  per  cent) 

Magnesium,  no  copper  C-2  (3  per  cent) 
C-4  (10  per  cent)  C-9  (-3  percent).... 

Copper  and  magnesium  C-1  (44  per  cent) 
C-6  (43  per  cent)  C-7  (50  per  cent)  C-10 
(58  per  cent)  C-U  (57  per  cent)  C-12 
(110  per  cent) 


Average 
increase 


Per  cent 

34 


60 


TABLE  6. — Comparison  of  the  Hardening  or  Strengthening  Effect  of  Copper,  of  Nickel, 
of  Manganese,  and  of  Magnesium  on  the  Annealed  Specimens 


Composition 


Tensile 
strength 


Elongation 


C-3. 
B-2. 
D-2. 
C-2. 
0-5. 
D-3, 
C-4. 
C-1. 
B-1. 
D-1. 
C-7. 
B-3. 
D-4, 
C-6. 
B-5. 
D-6 


Cu    2.15 

Mn  1.71 

Ni     1.76 

Mg  2.37 

Cu    3.19 

Ni     3.40 

Mg   2.84 

Cu  1.16  Mg  0.72. 
Mn  1.04  Mg  1.15. 
Ni  1.00  Mg  0.98, 
Cu  1.80  Mg  1.00, 
Mn  1.68  Mgl.09, 
Ni  1.98  Mg  1.18 
Cu  0.72  Mg  2.03, 
Mn  1.68  Mg  2.03 
Ni     1.94  Mg  1.94, 


Lbs./in.2 

21800 
16000 
17800 
16000 
22800 
21100 
29000 
33000 
24000 
17700 
35000 
26000 
21000 
30000 
29000 
25000 


32 
32 
27 
35 
30 
28 
19 
15 
12 
17 
25 
13 
20 
17 
18 
18 


V.  CORROSION  TEST 
The  resistance  of  these  alloys  to  corrosion  was  determined  by 
the  salt  spray  test.     This  test  consists  of  exposing  the  samples  to 
a  continuous  fog  of  salt  water,  produced  by  atomizing  a  20  per 
cent  solution  of  salt  (sodium  chloride)  in  water.' 

'  A.  N.  Finn.    Method  of  Making  Salt  Spray  Test,  Proc.  Am.  Soc.  Test.  Mats.,  XTIII,  Part  i,  p.  J37; 
1918, 
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Although  this  test  is  not  considered  as  entirely  satisfactory,  it 
is  thought  that  the  results  produced  represent  with  a  fair  degree 
of  accuracy  the  results  obtained  in  actual  service,  especially  under 
marine  conditions. 

The  alloys  were  subjected  to  the  salt  spray  test  for  two  periods 
of  one  month  each,  and  were  examined  at  the  end  of  each  period 
to  determine  the  relative  amount  of  corrosion.  This  was  esti- 
mated by  appearance  only  as  it  is  practically  impossible  to  deter- 
mine it  by  loss  in  weight  on  account  of  the  adherence  of  the 
aluminum  rust  and  the  lack  of  a  satisfactory  reagent  to  remove 
the  rust  without  affecting  the  metallic  aluminum. 

The  test  pieces  were  4  by  2  by  0.03  inches  and  included  each 
series  of  alloys  treated  as  follows:  (i)  as  rolled  (marked  B-4,  etc.), 
(2)  cjuenched  from  520°  C  into  water  at  16°  C  (marked  B-4-A, 
etc.),  (3)  quenched  from  520°  C  into  water  at  100°  C  (marked 
C-2-B,  etc.),  (4)  annealed  at  450°  C  and  cooled  slowly  (marked 
B-4-C,  etc.).  Specimens  of  conmiercial  sheet  aluminum,  (i)  as 
rolled  marked  (Al),  (2)  annealed  at  450°  C  (Al-A),  (3)  annealed 
at  500°  C  (AI-B),  and  (4)  quenched  from  500°  C  (Al-C)  were 
tested  in  the  same  way. 

After  one  month's  exposure  to  the  salt  spray  there  was  a  marked 
difference  in  the  appearance  of  the  various  rolled  alloys.  B-4 
and  B-5  as  rolled,  annealed,  and  quenched  were  only  slightly 
corroded  and  appeared  better  than  the  remaining  alloys.  The 
annealed  specimens,  B-4-C,  and  B-5-C  were  corroded  more  than 
the  rolled  or  the  ciuenched  specimens  of  these  alloys. 

Specimens  of  D-3,  D-6,  and  D-8,  rolled,  annealed,  and  quenched 
were  not  quite  as  good  as  the  B  series.  The  specimens  as  rolled 
were  corroded  a  little  more  than  the  annealed  or  quenched 
specimens. 

The  rolled  specimens  of  the  C  series  (C-2,  C-5,  C-8,  etc.),  with 
the  exception  of  C-2  were  badly  corroded.  C-2,  as  rolled,  an- 
nealed, and  quenched,  C-ii  annealed  and  quenched,  and  the 
quenched  specimens  of  the  remainder  of  this  series  compared 
favorably  with  B-4  and  B-5. 

Figs.  1,2,  and  3  show  the  appearance  of  some  of  the  specimens 
after  one  month's  exposure. 

In  the  following  table  the  alloys  are  grouped  according  to  their 
resistance  to  corrosion,  as  indicated  by  their  appearance  at  the 
end  of  the  second  month,  group  I  being  the  most  resistant  and 
group  IV  the  least  resistant. 
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Arrangement  of  Specimens  in  the  Order  of  Their  Resistance  to  Corrosion 


I 

U 

m 

rv 

B-5-A 

C-U-B 

B-5-C 

C-U-C 

c-u 

B-4-A 

C-ll-A 

B-4-C 

C-2 

C-8 

B-5 

C-5-B 

B-4 

C-8-C 

C-5 

C-8-B 

C-5-A 

C-2-B 

D-3-A 

C-12 

C-8-A 

C-12-A 

D-6-C 

C-2-C 

C-5-C 

C-12-B 

D-6-A 

C-2-A 

C-12-C 

D-6 

D-3 

Al 

Al-A 

D-8 

Al-B 

D-3-C 

Al-C 

D-8-A 
D-8-C 

It  must  be  stated  that  there  was  not  the  distinct  difference 
in  corrosive  effect  that  might  be  inferred  from  the  above  classi- 
fication, but  the  difference  was  sometimes  very  small  or  negligible 
between  pieces  in  the  same  group,  and  group  I  merges  with  group 
II,  but  the  difference  between  groups  II  and  III,  and  between 
III  and  IV  is  very  definite. 

The  order  in  which  the  39  samples  listed  above  are  grouped 
is  based  on  the  opinion  of  two  observers  working  independently 
of  each  other  and  it  is  noteworthy  that  the  results  of  their  observa- 
tions were  in  almost  complete  agreement.  In  no  case  was  any 
sample  placed  by  either  observer  in  different  groups  than  that 
indicated  above,  and  in  only  a  few  cases  did  the  indicated  order 
differ. 

The  following  table  gives,  in  condensed  form,  a  summary  of  the 
corrosion  test's  and  shows  at  a  glance  the  relative  resistance  to 
corrosion  of  the  alloys  studied  and  the  effect  produced  by  quench- 
ing and  annealing  the  rolled  alloys. 

The  figures  in  the  table  indicate  the  group  in  which  a  particular 
alloy  was  classed  with  respect  to  its  resistance  to  corrosion.  (See 
previous  table.) 

Relative  Corrosion  " 


B-4 

B-5 

C-2 

C-5 

C-8,  C-11, 
C-12 

D-3 

D-6, 
D-8 

Al 

Mn 

3 

1 

(a) 
3 

Mn- 

Mg 

1 

1 
M 

3 

Mg 

3 
3 
3 
3 

Cu 

4 
2 

2 
4 

Cu-Mg 

4 
land  2 
land  2 
3  and  4 

Ni 

3 
3 

(a) 
3 

Ni-Mg 

3 
3 
M 
3 

As  rolled 

Quenched  520°  to  16°  C.  (A) 

3 

Quenched  520°  to  100°  C.  (B) 

(o) 
3 

Annenlfxl  nl  din"  n,  (P) 

o  No  samples  tested. 
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Consideration  of  this  table  indicates  clearly  that  a  decided 
difference  in  resistance  to  corrosion  may  be  produced  by  quenching 
some  aluminum  alloys,  a  less  marked  difference  is  produced  by  an- 
nealing, and  with  some  alloys  no  apparent  difference  is  produced. 

The  following  conclusions  are  drawn  from  examination  of  this 
table:  (i)  If  any  change  is  produced  by  quenching,  it  improves  the 
resistance  of  the  metal  to  corrosion,  (2)  the  magnesium,  nickel,  and 
nickel-magnesium  alloys  have  about  the  same  resistance  to  cor- 
rosion regardless  of  treatment,  (3)  annealing  improves  somewhat 
the  resistance  to  corrosion  of  the  copper-magnesium  alloys  and 
reduces  the  resistance  of  the  manganese-magnesium  alloy,  (4) 
quenching  produces  the  greatest  effects  in  the  copper,  copper- 
magnesium,  and  manganese  alloys,  (5)  commercial  aluminum  as 
hard  rolled  does  not  resist  corrosion  satisfactorily  and  the  sample 
tested  was  almost  completely  disintegrated  at  the  end  of  the  test, 
showing  characteristic  exfoliation.  Annealing  or  quenching  ma- 
terially improves  kluminum,  but  it  is  not  equal  to  some  of  the 
alloys. 

VI.  SUMMARY 

Light  aluminum  alloys  of  several  compositions  belonging  to 
each  of  the  three  ternary  series,  aluminum-magnesium-copper, 
aluminum-magnesium-manganese,  and  alimiinum-magnesium- 
nickel,  were  rolled  out  into  sheet  and  tested  in  tension  as  cold- 
rolled,  after  annealing,  and  after  heat  treatment,  consisting  of 
quenching  from  about  500°  C  and  aging  at  ordinary  temperature. 

The  alloys  of  the  aluminum-magnesium-copper  series  were 
superior  in  all  conditions  to  those  of  the  other  series  in  respect  to 
tensile  properties. 

The  tensile  properties  of  the  aluminum-magnesium-copper 
series  may  be  much  improved  by  an  appropriate  heat  treatment. 
The  alloys  of  the  aluminum-magnesium-nickel  series  are  also 
improved  by  heat  treatment,  but  not  in  the  same  degree  as  the 
former  series.  The  alloys  of  the  aluminum-magnesium-man- 
ganese series  are  not  improved  by  heat  treatment. 

Samples  of  representative  compositions  of  each  series  were 
exposed  to  corrosion  in  the  salt-spray  test,  and  the  appearance  of 
the  samples  observed  after  one  and  after  two  months'  exposure 
to  the  action  of  the  salt  spray. 

The  alloys  of  the  aluminum-magnesium-manganese  series 
resisted  corrosion  in  general  better  than  those  of  the  other  series, 
and  this  agrees  with  other  experience  in  the  corrosion  of  such 


t 
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alloys.  The  heat-treated  specimens  of  the  aluminum-magnesium- 
copper  series  were,  however,  but  little  inferior  to  those  of  the 
manganese  series  in  their  resistance  to  corrosion;  the  annealed 
and  the  cold-rolled  samples  of  that  series  were  the  least  resistant 
to  corrosion  of  any  of  the  alloys  tested.  Hard-rolled  commercial 
aluminums  corroded  much  more  than  any  of  the  alloys.  Annealed 
aluminum  was  more  resistant  to  corrosion  than  the  hard-rolled 
aluminum,  but  did  not  compare  favorably  with  most  of  the 
alloys. 
Washington,  February  27,  19 19. 
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Fig.  I. — Various  types  of  flexible  metal  gas  tubing 

Samples  Nos.  2,  3.  5,  6,  and  9  dcptnd  for  tij^litnebS  primarily  on  a  rubber  thread  packing  within  the 
metal  spiral.  Samples  Nos.  55  and  57  are  all  metal,  without  packing.  No.  3  is  the  most  common 
type  of  tubing  sold  for  general  use.  The  rubber  thread  deteriorates  with  age  and  begins  to  leak. 
The  greatest  danger  in  this  tubing  is  the  poor  connection  with  the  end  piece.  (See  Fig.  3.)  No.  9 
is  a  very  superior  grade  of  tubmg  adapted  for  general  use  and  should  give  excellent  service,  and  is 
cheaper  in  the  long  run  than  the  inferior  grades.  Nos.  55  and  57  will  stand  higher  temperatures 
and  will  be  superior  to  the  other  types  for  many  special  purposes 
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I.  INTRODUCTION 

1.  PURPOSE  OF  INVESTIGATION 

A  large  number  of  accidents  in  recent  years,  resulting  in  loss 
of  life  and  property,  have  been  caused  by  the  poor  quality  or  the 
improper  and  careless  use  of  flexible  gas  tubing.     Some  States 

and  cities  have  prohibited  the  use  of  such  tubing,  and  there  has 
been  increasing  agitation,  by  fire-prevention  authorities  and  others 
who  are  active  in  the  cause  of  safety,  for  greater  restrictions  in  the 
use  of  this  material. 
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From  the  very  beginning  of  its  work  on  the  Proposed  National 
Gas  Safety  Code  the  Bureau  of  Standards  has  recognized  the  need 
for  greater  care  in  the  selection  and  use  of  flexible  tubing ;  but  it 
has  also  beUeved  that,  by  proper  cooperation  of  all  parties  con- 
cerned, it  should  be  possible  to  manufacture  such  a  safe  tubing 
and  so  to  restrict  its  use  to  only  proper  piurposes,  that  the  hazards 
remaining  would  be  practically  only  those  caused  by  gross  care- 
lessness. For  the  full  accomplishment  of  these  objects  the 
Bureau  anticipates  the  need  for: 

1.  A  suitable  specification  for  the  construction  of  the  tubing; 

2.  A  prohibition  against  the  use  of  poor  tubing  in  any  location 
and  a  restriction  upon  the  use  of  even  good  grades  were  unneces- 
san^  this  to  be  accomplished  by  municipal  or  State  regulation  or 
fire-insurance  rules ;  and 

3.  An  educational  campaign  addressed  to  the  general  public, 
intended  to  gain  the  widest  possible  acceptance  of  and  compli- 
ance with  the  rules  above  mentioned,  even  in  places  where  they 
are  not  mandatory. 

The  importance  of  this  subject  has  led  to  this  investigation 
and  the  present  report.  The  preliminary  report  of  the  tests  was 
submitted  to  the  manufacturers  and  gas  company  representatives 
nearly  two  years  ago,  but,  due  to  numerous  war  activities,  the 
work  had  to  be  discontinued  for  a  while  and  is  now  presented 
with  a  little  more  experimental  data  and  few  changes  in  the 
specifications  which  the  additional  information  and  comments 
received  from  various  interested  parties,  has  shown  to  be 
necessary. 

2.  SCOPE  OF  TESTS  AND  OF  THIS  REPORT 

This  paper  is  intended  only  as  a  preliminary  report  of  the  more 
readily  determined  properties  of  about  three  dozen  samples  of 
tubing,  some  sent  to  us  by  the  manufacturers  and  others  bought 
from  various  retail  stores.  Many  of  the  samples  from  tlie  manu- 
facturers were  obtained  through  the  courtesy  of  Oscar  H.  Fogg, 
formerly  of  tlae  Consolidated  Gas  Co.,  New  York  City.  We 
desire  to  express  here  our  appreciation  of  Mr.  Fogg's  kind  assist- 
ance in  this  work. 

The  preliminary  investigation  has  shown  that  most  of  the 
samples  are  not  worthy  of  further  consideration  and  if  more 
elaborate  tests,  such  as  life  tests,  are  undertaken,  they  will  be 
made  only  on  those  samples  that  showed  up  reasonably  well  in 
the  preliminary  work. 
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Our  investigation  has  been  limited  largely  to  tests  and  examina- 
tions of  the  body  of  the  tubing  samples,  but  the  strength  of  the 
joint  between  the  tubing  and  the  end  pieces  has  also  been  studied 
to  some  extent. 

The  quality  of  the  end  piece  is  as  important  as  that  of  the  tubing 
itself,  but  no  extended  investigation  was  felt  to  be  necessary, 
because  a  very  few  tests  showed  one  sample  to  be  so  greatly  superior 
to  anything  else  that  it  should  be  adopted  for  all  tubings  equipped 
with  rubber  end  pieces.  This  will  be  discussed  more  fully  in  the 
text. 

3.  COOPERATION  WITH  TUBING  MANUFACTURERS  AND  GAS  ASSOCIA- 
TIONS 

The  Bureau  has  received  expressions  of  hearty  cooperation  from 
all  the  manufacturers  with  whom  correspondence  has  been  ex- 
changed regarding  tubing,  and  many  have  stated  that  they  would 
be  glad  if  some  action  could  be  taken  to  improve  the  standard  of 
quality,  but  that  there  was  a  large  demand  for  the  very  cheapest 
tubing  and  they  were  compelled  to  supply  this  demand.  The 
attitude  of  the  manufacturers  is  best  shown  by  a  few  extracts  from 
the  numerous  letters  the  Bureau  has  received: 

No  doubt  all  would  agree  with  your  purpose  (elimination  of  dangerous  tubing), 
but  how  to  attain  it  is  very  difficult  in  our  judgment.  Basically  the  trouble  is  with 
the  people.  They  demand  junk  and  usually  get  it.  If  you  have  the  power  to  stand- 
ardize a  rubber  end,  no  one  would  be  more  pleased  than  we,  provided  it  was  not 
patented. 

Inferior  grades  of  compound  and  rubber  are  decidedly  dangerous,  and  their  use 
should  be  discouraged  in  every  possible  way.  There  are  many  types  of  very  cheap 
tubing  on  the  marCet  that  should  never  be  used. 

We  are  told  by  one  of  the  largest  manufacturing  companies  that  the  most  regrettable 
phase  of  the  whole  situation  is  the  lack  of  any  recognized  authoritative  regulation  or 
standard ,  and  the  apathetic  attitude  of  the  municipalities  toward  creating  or  enforcing 
ordinances  prohibiting  the  sale  and  use  of  dangerous  tubing.  Furthermore,  a  manu- 
facturing company  may  want  to  better  its  product,  but  the  big  business  is  in  the  cheap 
products,  as  tliere  is  a  well-established  line  of  stores  that  are  concerned  only  in  the 
sale  and  not  in  the  quality  of  material  which  they  are  compelled  to  sell  to  the  class 
to  which  they  cater. 

The  demand  is  very  largely  for  the  cheapest  tubing  that  can  be  tvimed  out  that  will 
stay  tight  long  enough  for  it  to  be  sold . 

The  connection  on  the  tubing  is  a  matter  of  just  as  much  importance  as  the  tubing 
itself  and  good,  satisfactory  rubber  ends  can  be  obtained  by  anybody  who  is  willing 
to  pay  the  price.  A  majority  of  these  tips,  however,  that  are  put  out  with  cheap 
tubing  are  of  such  poor  quality  that  they  will  harden  or  split,  sometimes  even  before 
they  are  put  into  service.  The  ordinary  method  of  attaching  these  rubber  connec- 
tions is  to  simply  glue  tliem  onto  tlie  tubing,  and  while  they  would,  of  coiu'se,  be  safer 
if  in  addition  to  this  they  were  held  by  a  wire  or  clamp,  there  is  not  one  customer  in  a 
hundred  who  will  pay  for  this  extra  work. 
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The  American  gas  engineers  have  reaUzed  that  the  interests 
of  the  gas  industry-  require  the  production  of  a  safe  gas  tubing, 
and  as  a  result  the  National  Commercial  Gas  Association  and  the 
American  Gas  Institute,  working  in  conjunction,  formulated  a  set 
of  tentative  specifications  and  presented  them  at  the  191 6  meeting 
of  these  societies.  The  tests  reported  in  this  paper  have  been  made 
along  the  lines  suggested  by  these  proposals  and  the  results  will 
be  discussed  to  show  where,  in  our  judgment,  these  tentative 
specifications  are  too  rigid,  where  too  lenient,  and  to  what  extent 
these  specifications  fulfill  their  purpose,  i.  e.,  of  providing  safe, 
convenient,  and  commercially  suitable  tubing. 

Before  final  adoption  of  specifications,  either  by  the  gas  asso- 
ciations or  the  Bureau  of  Standards  for  the  National  Gas  Safety 
Code,  it  is  anticipated  that  cooperation  in  this  work  will  enable 
the  Bm^eau  and  the  associations  to  formulate  mutually  satisfac- 
tor\'  standards  so  that  the  specifications  which  are  finally  adopted 
may  be  identical.  As  a  step  toward  this  highly  desirable  end, 
this  report  of  tests  has  been  prepared  and  is  now  presented  to 
bring  out  the  further  discussion  which  is  essential  before  more 
definite  recommendations  should  be  made. 

4.  ENFORCEMENT 

Some  doubt  has  been  expressed  as  to  the  value  of  any  speci- 
fications, because  there  is  no  authority  for  the  enforcement  of 
stich  specifications  except  as  they  may  be  adopted  by  municipal 
authorities  in  restricting  the  sale  of  the  dangerous  tubing. 
Much  may  be  done  even  by  this  means,  as  is  shown  by  the  work 
of  ^Ir.  Francisco,  in  Newark,  N.  J.,  described  in  a  later  section  of 
this  report. 

The  gas  companies  also  can  do  a  great  deal  by  restricting  the 
tubing  that  they  sell  to  only  the  better  grades  and  by  showing 
the  people  that  it  is  really  an  economy  to  buy  the  better  qualities. 

The  fire  department  and  insixrance  rules  are,  in  general,  be- 
coming more  strict,  and  for  many  localities  restrictive  measures 
on  the  use  of  flexible  tubing  have  been  under  consideration  for 
some  time.  In  fact  there  is  a  possibility,  unless  the  parties  who 
see  a  legitimate  use  for  the  flexible  tubing  succeed  in  getting  the 
dangerous  types  off  the  market,  that  the  above-mentioned  or- 
ganizations will  take  some  action  to  prohibit  entirely  the  use  of 
all  tubing. 

A  certain  amount  of  publicity  in  which  there  could  be  brought 
out  the  economy  of  good  tubing,  as  well  as  the  additional  safety, 
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would  appeal  to  a  great  many  people  and  would  make  easier  the 
enforcement  of  ordinances  regarding  tubing. 

The  gas  associations  are  also  going  to  take  some  action  just  as 
soon  as  satisfactory  specifications  are  agreed  upon,  and  their 
membership  will  undoubtedly  favor  those  manufacturers  who 
are  willing  to  cooperate  and  work  for  the  real  interests  of  the 
gas  business.  This  we  expect  to  be  one  of  the  greatest  immedi- 
ate forces  which  will  restrict  the  manufacture  of  these  danger- 
ous tubings. 

II.  TENTATIVE  SPECIFICATIONS  OF  THE  NATIONAL  COM- 
MERCIAL GAS  ASSOCIATION  AND  THE  AMERICAN  GAS 
INSTITUTE  AS  PRESENTED  AT  THE  1916  MEETINGS  OF 
THESE  SOCIETIES 

Many  of  the  larger  gas  companies  have  made  tests  of  tubing 
in  their  appliance  laboratories  and  are  confining  the  sales  through 
their  commercial  departments  to  the  best  qualities  that  they 
can  find.  The  tentative  specifications  of  the  National  Commer- 
cial Gas  Association  and  the  American  Gas  Institute,  above 
referred  to,  have  been  formulated  by  those  men  who  have  been 
in  touch  with  much  of  this  experimental  work,  and  the  require- 
ments contained  in  these  specifications  cover  in  the  main  the 
weaknesses  brought  out  by  their  tests.  The  committee  of  the 
National  Commercial  Gas  Association  in  reporting  its  recom- 
mendations refer  to  them  as  follows: 

A  standard  specification  of  flexible  tubing,  describing  the  composition  and  con- 
struction in  detailj  is  demanded  by  the  industry.  Increasing  agitation  in  the  cause 
of  safety,  the  imposition  of  ever  stricter  requirements  by  fire  prevention  authorities, 
and  a  proper  regard  for  the  essential  interests  of  the  industry,  call  for  the  production 
of  a  flexible  tubing  that  shall  be  substantially  as  safe  as  a  rigid  metal  pipe.  We  need 
a  tubing  in  which  it  is  safe  to  allow  the  gas  presstire  to  remain  at  all  times. 

To  meet  the  requirements,  the  tubing  must  (o)  be  sufficiently  flexible  to  hang  in 
a  graceful,  natiu'al  curve;  {b)  maintain  its  flexibility  unchanged  throughout  its  life; 
(c)  be  noncrushable  under  the  heel  of  a  person  of  ordinary  weight;  (d)  be  nonbreak- 
able  and  gas-tight  when  subjected  to  extreme  bending;  (e)  be  noncombustible,  in 
the  sense  that  if  all  the  outer  coverings  are  burned  off  the  metal  base  of  the  tubing 
will  still  retain  its  form,  and  the  leaking  gas  will  be  so  small  in  volume  that  the  flame 
at  3-inch  pressiu-e  will  not  be  over  i'^  inches  long;  (/)  if  caused  to  leak  by  mechanical 
injury  or  by  fire,  develop  only  small,  nondangerous  leaks,  so  long  as  the  tubing  main- 
tains its  form;  (9)  not  absorb  the  moisture  from  the  atmosphere;  (h)  if  uninjured,  re- 
main gas-tight  indefinitely;  and  (i)  permit  of  the  attachment  of  metal  ends  in  such  a 
way  that  they  can  not  be  pulled  off. 

The  tentative  specifications  given  in  Exhibit  "6,"  we  believe  describes  a  tubing 
that  will  meet  these  requirements.  The  spiral  metal  base  gives  the  required  strength, 
flexibility,  noncollapsibility,  noncombustibility,  and  security  of  attachment  for  the 
metal  ends;  the  composition  coating  lends  the  desired  gas-tightness,  and  uniformity 
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in  elasticity  and  plasticity;  the  two  wrappings  of  oiled  paper  protect  the  elastic 
coating  from  mechanical  abrasion  and  from  the  moisture  of  the  atmosphere ;  and  the 
woven  outer  coverings  contribute  the  good  looks. 

This  specification  is  submitted  for  consideration  and  criticism,  with  the  thought 
that  at  the  1917  meeting  it  will  be  ripe  for  adoption  as  a  standard. 

The  tentative  specifications,  in  so  far  as  they  relate  to  the 
tubing  itself,  were  presented  to  these  societies  as  committee 
reports  in  the  following  form : 

Transverse  Strength. — Tubing  to  be  capable  of  withstanding,  without  crushing,  a 
load  of  100  pounds  per  running  inch. 

Tensile  Strength. — Tubing  to  be  capable  of  withstanding,  without  rupture,  a  steady 
load  of  75  pounds. 

Torsional  Strength. — Tubing,  when  subjected  to  a  twisting  movement,  acting  either 
clockwise  or  counterclockwise,  to  be  capable  of  withstanding,  without  rupturing,  an 
angular  deflection  of  180°  per  lineal  foot. 

Dimensions. — The  inside  diameter  of  tubing  (diameter  of  gas  way)  to  be  either 
A>  ■A.  ^i  inch,  or  other  size  as  need  may  develop.  The  outside  diameter  to  be  no 
larger  than  necessary  to  comply  with  the  requirements  of  this  specification.  Maxi- 
mum outside  over-all  diameter  to  be  -^  inch  for  tlie  vs^-inch  tubing,  -^j .inch  for  the 
T^-inch  tubing,  and  Js  inch  for  the  ^s-inch  tubing.  Variation  of  -^  inch  from  these 
dimensions  allowable. 

Flexibility. — A  i-foot  length  of  either  -f^,  -fg,  or  J"  3  inch  tubing  when  held  horizontally 
at  one  end,  should  have  a  drop  of  at  least  45°,  this  angle  being  measured  between  the 
horizontal  axis  of  the  point  of  support  and  a  line  connecting  the  point  of  support  with 
the  free  end  of  the  tubing. 

Bending. — Either  tj  or  1^  inch  tubing  to  be  capable  of  withstanding,  without 
rupture,  the  strain  produced  by  bending  the  tubing  into  a  circle  of  2  inches  mean 
diameter.  Three-eighths-inch  tubing  to  be  capable  of  withstanding  without  niptiire, 
a  strain  produced  by  bending  the  tubing  into  a  circle  of  3  inches  mean  diameter. 

Pressure  loss. — A  6-foot  length  of  pj-inch  tubing,  equipped  with  tlie  specified  rubber 
slip  ends,  or  with  tlie  specified  metal  ends,  secured  in  tlie  specified  manner,  shall  not 
show  a  pressure  loss  in  excess  of  i%-  inch  of  water,  when  passing  gas  of  0.6  specific 
gravity  at  the  rate  of  5  cubic  feet  per  hour. 

Similarly,  a  6-foot  length  of  i^-inch  tubing  shall  not  show  a  pressure  loss  in  excess  of 
i-iTf  inches  of  water,  when  passing  gas  at  the  rate  of  30  cubic  feet  per  hour. 

Similarly,  a  6-foot  length  of  J  s-inch  tubing  shall  not  show  a  pressure  loss  in  excess  of 
■j^  inch  of  water,  passing  gas  at  tlie  rate  of  30  cubic  feet  per  hour. 

Tightness. — A  6-foot  length  of  the  tubing,  when  connected  up  to  the  outlet  of  a  gas 
meter  graduated  to  read  to  -rtm  of  ^  cubic  foot,  and  subjected  to  a  gas  pressure  of  at 
least  6  inches  of  water,  shall  show  no  leakage  over  a  15-minute  period. 

Construction. — Tubing  to  consist  of  tlie  following  component  parts,  which  are  given 
in  their  order  from  the  inside  to  tlie  outside  of  tlie  tubing:  (a)  Rubber-packed  metallic 
core;  (b)  waxed-paper  wrapping;  (c)  braided  cotton-fabric  sheath  impregnated  and 
coated  on  one  side  only  with  a  gas-proof  and  gas-tight  compound;  (d)  waxed-paper 
wrapping;  (c)  braided  cotton  covering;  and  (/)  silk,  silkaline,  or  cotton-finish  covering. 

(a)  Metallic  core  to  be  formed  of  one  unbroken  strip  of  metal,  wound  spirally,  with 
an  interlocking  seam,  made  gas-tight  by  a  continuous  rubber  threadlike  gasket. 

(b)  and  (</)  Waxed  paper  to  be  of  such  a  grade  and  width  and  so  wound  that  it  will 
form  a  covering  impervious  to  moisture  when  the  tubing  is  subjected  to  specified 
bending  tests. 

(c)  Woven  cotton  fabric  to  be  of  such  a  character  as  to  absorb  and  securely  hold  the 
specified  quantity  of  the  compound;  the  compound  to  be  of  such  composition  tliat  it 
will  not  soften  to  a  sufficient  extent  to  ooze  through  the  waxed-paper  wrapping  when 
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Fig.  2. — Various  types  of  rubber  and  paper  gas  tubing 

Samples  Nos.  7  and  18  are  of  rubber  and  fabric  construction  and  are  the  best  of  this  type.  If  used 
with  care,  they  will  probably  last  as  long  as  the  metal  tubings,  but  there  is  a  slightly  greater  fire 
hazard  from  their  use  if  they  are  subjected  to  heat,  Nos.  4,  n.and  14  are  dangerous  types  of 
tubings  constructed  of  paper,  covered  with  various  corapositioa  mixtures,  on  a  wire  spiral,  the 
whole  covered  with  a  coltun  braiding,  giving  it  a  good  outside  appearance.  The  glue  soon  hardens 
and  cracks  upon  bending  the  tubing.  One  manufacturer  of  tubing  says  of  such  material,  "The 
demand  is  very  largely  for  the  cheapest  tubing  that  can  be  turned  out  that  will  stay  tight  long 
enough  for  it  to  be  sold" 
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the  tubing  is  subjected  for  a  period  of  48  hours  to  an  atmosphere  at  100°  F  and  100 
per  cent  humidity;  and  that,  when  subjected  for  48  hours  to  an  atmosphere  of  0°  F, 
it  shall  not  crack  or  lose  its  gas-tight  property  when  subjected  to  the  test  for  bending. 
A  sufficient  quantity  of  the  compound  to  be  used  to  insure  a  thickness  of  the  impreg- 
nated and  coated  cotton  fabric  of  not  less  than  -^^  inch  or  more  than  ^  inch. 

(e)  Cotton  covering,  if  dyed,  to  be  dyed  with,  fast  color,  preferably  to  match  color  of 
finish  covering  or  of  some  neutral  tint,  and  of  such  a  texture  as  proper  to  protect  the 
paper  from  abrasion. 

(/)  Finish  covering  to  be  furnished  as  ordered.     To  be  dyed  -with,  fast  color. 

III.  DESCRIPTION  OF  SAMPLES  TESTED 

The  following  is  a  brief  description  of  the  various  samples  tested 
in  our  work  and  for  which  results  of  tests  will  be  shown.  For  sake 
of  convenience  the  samples  are  divided  into  three  classes. 

Class  I.  Tubings  which  are  built  around  a  gas-tight  metalUc  core. 

Class  II.  Tubings  without  metal  core  and  containing  at  least 
some  rubber  in  their  composition. 

Class  III.  Tubings  without  meta.  core  or  rubber  layer  and 
depending  for  tightness  chiefly  on  paper  or  cotton,  covered  or 
impregnated  with  a  composition  of  glue  and  glycerin  or  some 
other  preparation. 

Some  of  these  various  types  of  tubings  and  end  pieces  are  shown 

in  Figs.  I,  2,  and  3. 

CLASS  I  TUBINGS 

Sample  No.  i:  Construction — i,  rubber-packed  metal  core;  2,  cotton  fabric;  3, 
composition;  4,  paper;  5,  braided  cotton  covering.  Dimensions — Inside,  -^  inch; 
outside,  ^i  inch.  End  piece — Rubber,  internally  corrugated,  cemented  to  metal 
tailpiece  inserted  into  tubing. 

Sample  No.  2:  Construction — i,  rubber-packed  metal  core;  2,  cotton  fabric;  3, 
composition;  4,  paper;  5,  braided  cotton  covering;  6,  braided  outer  cotton  cover- 
ings. Dimensions — Inside -^  inch;  outside,  t'j  inch.  End  piece — Metal  threaded 
end  screwed  into  core,  forming  tht  tailpiece. 

Sample  No.  3 :  Construction — i ,  rubber-packed  metal  tubing ;  no  covering.  Dimen- 
sions— Inside,  T^  inch;  outside,  yi  inch.  End  piece — Barrel-shaped  rubber,  ends 
cemented  on  tube. 

Sample  No.  5:  Construction — i,  rubber-packed  metal  core;  2,  thin  cotton  fabric; 
3,  paper;  4,  loose-woven  cotton  fabric  impregnated  with  composition;  5,  paper;  6, 
braided  cotton  covering.  Dimensions — Inside,  -j^  inch;  outside,  -f^  inch.  End 
piece — Rubber,  cemented  to  wooden  plug  inserted  into  tubing. 

Sample  No.  6:  Construction — i,  rubber-packed  metal  tubing;  2,  braided  cotton 
covering.  Dimensions — Inside,  -fj  inch;  outside,  ^  inch.  End  piece — Rubber, 
cemented  on  tube. 

Sample  No.  9:  Construction — i,  rubber-packed  metal  core;  2,  paper;  3,  cotton- 
fabric  composition;  4,  paper;  5,  braided  cotton  covering;  6,  braided  outer  cotton 
covering.  Dimensions — Inside,  -^  inch;  outside,  X  inch.  End  piece — Rubber, 
internally  corrugated,  cemented  to  metal  tailpiece  inserted  into  tubing. 

Sample  No.   17:  Construction — i,  rubber-packed  metal  core;  2,  paper;  3,  cotton 
fabric;  4,  composition;  5,  paper;  6,  braided  cotton  covering;  7,  braided  cotton  cover- 
ing; 8,  braided  outer  silk  covering.     Dimensions — Inside,  -^  inch;  outside,  ] i  inch. 
End  piece — Metal,  threaded  end  screwed  into  core,  forming  the  tailpiece. 
117340°— 19 2 
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Sample  No.  21:  Construction — i,  rubber-packed  metal  core;  2,  paper;  3,  cotton 
fabric;  4,  composition;  5,  paper;  6.  braided  cotton  covering;  7,  braided  outer  cotton 
covering.  Dimensions — Inside,  ys  inch;  outside,  -f^  inch.  End  piece — Metal, 
threaded  end  screwed  into  core,  forming  the  tailpiece. 

Sample  No.  25:  Construction — i,  rubber-packed  metal  core;  2,  paper;  3,  cotton 
fabric;  4,  composition;  5,  braided  cotton;  6,  braided  outer  cotton.  Dimensions — 
Inside,  X  inch;  outer  side,  -^  inch.  End  piece — Threaded  metal,  end  screwed  into 
metal  core,  forming  the  tailpiece. 

Sample  No.  29;  Construction — i,  rubber-packed  metal  tubing;  no  covering.  Di- 
mensions— Inside,  }4  inch;  outside,  Js  inch.  End  piece — Barrel-shaped  rubber, 
ends  cemented  on  tube. 

Sample  No.  49:  Construction — i,  flexible  brass  tubing,  gas-tight  without  packing; 
no  covering.  Dimensions — Inside,  %  inch;  outside,  -j^  inch.  End  piece — Threaded 
brass  end  soldered  to  tubing. 

Sample  No.  50:  Construction — i,  flexible  brass  tubing,  gas-tight  without  packing; 
2,  braided  metal  covering.  Dimensions — Inside,  >4  inch;  outside,  K  inch.  End 
piece — Threaded  brass  end  soldered  to  tubing. 

Sample  No.  51:  Construction — i,  flexible  brass  tubing,  gas-tight  without  packing; 
no  covering.  Dimensions — Inside,  X  inch;  outside,  1^  inch.  End  piece — Rubber, 
end  cemented  to  tubing. 

Sample  No.  52:  Construction — i,  flexible-brass  tubing,  gas-tight  without  packing, 
no  covering.  Dimensions — Inside,  -fg  inch;  outside  i^  inch.  End  piece — Threaded 
brass  end,  soldered  to  tubing. 

Sample  No.  53:  Construction — i,  flexible-brass  tubing,  gas-tight  without  packing. 
Dimensions — Inside,  ^J  inch;  outside,  -^  inch.  End  piece — Threaded  brass  end 
soldered  to  tubing. 

Sample  No.  54:  Construction — i,  flexible-steel  tubing,  gas-tight  without  packing, 
braided  metal  covering .  Dimensions — Inside ,  }i  inch ;  outside ,  -f^  inch .  End  piece — 
Threaded  brass  ends  soldered  to  tubing. 

Sample  No.  55:  Construction — i,  flexible-steel  tubing,  gas-tight  without  packing, 
no  covering.  Dimensions — Inside,  t^  inch;  outside,  J 2  inch.  End  piece — Threaded 
brass  ends,  soldered  to  tubing. 

Sample  No.  56:  Construction — i,  flexible-steel  tubing,  gas-tight  without  packing, 
no  covering.  Dimensions — Inside,  J4  inch;  outside,  -' s  inch.  End  piece — Rubber 
ends,  cemented  to  tubing. 

Sample  No.  57:  Construction — i.  Spring-steel  wire  spiral  with  metal  ribbon  wound 
around  the  outside  and  into  the  coils  of  inner  spiral. 

Sample  No.  5S:  End  piece  only.  Detachable  metal  variety,  made  for  any  kind  of 
tubing. 

CLASS  II  TUBING 

Sample  No.  7:  Construction — i,  black-rubber  core;  2,  two  layers  of  impregnated 
fabric;  3,  red-rubber  layer;  4,  composition;  5,  braided  cotton  covering.  Dimensions — 
Inside,  J4  inch;  outside,  1^  inch.  End  piece — Rubber,  cemented  to  threaded  metal 
tailpiece. 

Sample  No.  8:  Construction — i,  rubber  tube;  2,  composition.  Dimensions — Inside, 
■^  inch;  outside,  ;  3  inch.     End  piece — No  end. 

Sample  No.  10:  Construction — i,  wire  helix;  2,  rubber  tube;  3,  composition,  wxapped 
with  thread;  4,  braided  cotton  cover.  Dimensions — Inside,  -^  inch;  outside,  -^  inch. 
End  piece — Barrel-shaped  rubber  ends,  cemented  to  metal  tailpiece. 

Sample  No.  16:  Construction — i,  rubber  tube;  2,  composition;  3,  paper;  4,  braided 
cotton  covering.  Dimensions — Inside,  y^  inch;  outside,  ^^  inch.  End  piece— 
Barrel-shaped  rubber,  cemented  to  wooden  plug  inserted  into  tubing. 
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Fig.  3. — Various  types  of  tubing  ends 

The  cause  of  frequent  leaks  around  the  end  pieces  is  readily  understood  by  a  study  of  samples  Nos. 
3,  6,  and  37.  In  these  the  tubing  is  inserted  but  a  short  distance  into  the  end,  piece  and  is  glued  in 
place.  With  a  little  handling  they  become  loosened  and  the  end  piece  may  drop  o£f  anytime. 
No.  5  is  a  common  but  not  always  satisfactory  connection,  consisting  of  a  wood  tailpiece  glued 
into  the  tubing  and  rubber  end.  The  gas  passage  is  unduly  restricted.  Compare  these  samples 
with  Ko.  9.  in  which  a  metal  tailpiece  is  screwed  into  end  of  tube  and  is  held  in  rubber  end  piece 
by  corrugations  which  fit  corresponding  corrugations  in  the  rubber.  The  modified  specifications 
require  something  equivalent  to  this  quality  and  construction 
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Sample  No.  i8:  Construction — i,  rubber  tube;  2,  three  layers  of  impregnated  cloth; 

3,  layer  of  red  rubber;  4,  wire  wrapping.  Dimensions — Inside,  ^  inch;  outside,  -f^ 
inch.  End  piece — Rubber,  mth  inner  and  outer  corrugations,  cemented  to  metal 
tailpiece  inserted  into  tubing. 

Sample  No.  22:  Construction — i,  rubber  tube;  2,  composition;  3,  braided  cotton 
covering.  Dimensions — Inside,  1^  inch;  outside,  js  inch.  End  piece — Threaded 
metal  end  inserted  into  tubing  forming  tailpiece. 

Sample  No.  23:  Construction — i,  wire  helix;  2,  rubber  tube;  3,  composition,  wrapped 
with  thread;  4,  braided  cotton  covering.  Dimensions — Inside,  J-4  inch;  outside,  }4 
inch.     End  piece — Threaded  metal  end  inserted  into  tubing  forming  tailpiece. 

Sample  No.  26:  Construction — i,  wire  helix;  2,  rubber  tube;  3,  composition,  wrapped 
with  thread;  4,  braided  cotton  covering.  Dimensions — Inside,  -^  inch;  outside,  J-| 
inch.     End  piece — Rubber  attached  to  corrugated  metal  tube  inserted  in  tubing. 

Sample  No.  28:  Construction — i,  black-rubber  tube;  2,  thin  composition;  3,  braided 
cotton  covering.  Dimensions — Inside,  -^  inch;  outside,  yi  inch.  End  piece — Brass 
threaded  end  inserted  into  tubing,  forming  tailpiece. 

Sample  No.  34:  Construction — i,  thick  rubber  tubing;  2,  composition;  3,  paper; 

4,  braided  cotton  covering.  Dimensions — Inside,  ]i  inch;  outside,  X  inch.  End 
piece — Barrel-shaped  rubber,  cemented  to  wooden  plug,  inserted  into  tube. 

CLASS  III  TUBINGS 

Sample  No.  4:  Construction — r,  wire  helix;  2,  cloth;  3,  paper  impregnated  with 
composition;  4,  paper;  5,  braided  cotton  covering.  Dimensions — Inside,  -^  inch; 
outside,  J  s  inch.     End  piece — Rubber  cemented  to  wood  plug,  inserted  into  tubing. 

Sample  No.  11:  Construction — i,  wire  helix;  2,  cloth;  3,  paper;  4,  composition; 

5,  paper;  6,  braided  cotton  covering.  Dimensions — Inside,  ^i  inch;  outside  -fl  inch. 
End  piece — Rubber  cemented  to  wood  plug,  inserted  into  tubing. 

Sample  No.  14:  Construction — i,  wire  helix;  2,  paper;  3,  threads  laid  lengthwise; 
4,  paper  impregnated  with  composition;  5,  braided  cotton  covering.  Dimensions — 
inside,  -f^  inch;  outside,  -^  inch.  End  piece — Rubber  end  cemented  to  wood  plug, 
inserted  into  tube. 

Sample  No.  24:  Construction — i,  wire  helix;  2,  paper;  3,  threads  laid  lengthwise; 
4,  composition ;  5,  paper;  6,  cotton-thread  wrapping;  7,  paper;  8,  cotton-thread  wrap- 
ping; 9,  asbestos  covering;  10,  wire  wrapping.  Dimensions — Inside,  -j^  inch;  out- 
side, ^'i  inch.  Und  piece — Rubber  externally  corrugated,  attached  to  corrugated 
metal  tube,  inserted  into  tubing. 

Sample  No.  31:  Construction — i,  wire  helix;  2,  paper;  3,  threads  laid  lengthwise; 
4,  composition;  5,  paper;  6,  cotton-thread  wrapping;  7,  asbestos  covering;  8,  wire 
wrapping.  Dimensions — Inside, -^  inch;  outside, -j^  inch.  End  piece — Rubber  ex- 
ternally corrugated,  attached  to  metal  tube  inserted  in  tubing. 

Sample  No.  2,5'-  Construction — i,  wire  helix;  2,  paper;  3,  threads  laid  lengthwise; 
4,  composition;  5,  thin  sheet  of  asbestos  paper;  6,  cotton-thread  wrapping;  7,  braided 
cotton  covering.  Dimensions — Inside,  }^  inch;  outside,  H  inch.  End  piece — Rub- 
ber, connected  to  tubing  with  metal  tube. 

IV.  EXPERIMENTAL  RESULTS 

1.  TRANSVERSE  STRENGTH 

For  determining  the  transverse  strength — that  is,  the  resistance 
to  crushing — the  tubing  was  placed  in  a  Tinius  Olsen  universal 
testing  machine,  and  the  load  at  which  the  tubing  was  flattened 
out  stxfficiently  to  shut  off  the  gas  was  noted.  The  data  from  oiu: 
tests  are  shown  in  Table  i.     The  following  observations  and  con- 
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elusions  are  drawn  as  to  the  relation  between  transverse  strength 
and  the  character  of  the  tubing: 

TABLE  1. — Resistance  of  Tubing  to  Crushing  , 


Class  1  samples 

Class  n  samples 

Class  ni 

samples 

Willi  rubber  packing 

■Without  rubber  packing 

Sample 
No. 

Crushing 

load 

(pounds  per 

linear  inch) 

Samole 
No; 

Crushing 

Sample 
No. 

Cnisbing 

load 

(pounds  per 

linear  inch) 

Sample 
No. 

Crushing 

load 

(pounds  per 

linear  inch) 

load 

(pounds 

per  linear 

inch) 

1 

525 

49 

500 

7 

150 

4 

135 

I         100 

2 

700 

50 

700 

8 

\            10 
I             10 

i         " 

130 
65 

3 

400 

51 

500 

10 

200 

14 

130 

5 

300 

52 

450 

16 

(            25 
1            17 

24 

180 

6 

700 

53 

435 

18 

150 

31 

370 

9 

600 

54 

800 

22 

20 

33 

190 

17 

700 
750 

55 
56 

770 
683 

23 
26 

180 
200 

21 

25 

400 

57 

28 

30 

; 

29 

280 

34 

25 

i 

It  was  our  interpretation  of  the  committees'  proposal  that 
"tubing  to  be  capable  of  withstanding  without  crushing"  meant 
^vithout  crushing  sufficiently  to  cause  either  leakage  or  shutting 
off  of  the  gas.  We  beheve  this  should  be  clear  in  the  specification 
and  have  so  modified  the  wording.  However,  it  is  not  intended 
that  our  tests  should  be  used  as  a  guide  to  the  strength  of  tubiug 
in  respect  to  its  resistance  to  rupture  under  transverse  load,  since 
they  apply  only  to  the  matter  of  actual  crushing  to  shut  off  the 
passage  of  gas. 

1.  In  most  tubmgs  the  transverse  strength  depends  primarily 
upon  a  metallic  core  or  an  interior  or  exterior  wire  helix ;  sample 
No.  7  was  the  only  one  without  such  construction  that  came  up 
to  the  proposed  requirement  of  resistance  to  loo  pounds  per 
linear  inch.    This  tube  was  one  built  much  like  a  garden  hose. 

2.  The  transverse  strength  of  samples  in  Class  I  (with  metal 
core)  is  much  greater  than  that  of  the  other  types,  being  usually 
above  300  pounds  per  linear  inch ;  but  some  samples  in  Classes  II 
and  III  are  also  considerablv  above  the  proposed  specifications  of 
100  pounds.  The  only  tube  equalling  those  with  metal  core  was 
No.  31,  which  is  of  small  diameter  and  has  two  wire  helixes. 

3.  If  a  metal  core  is  required  it  can  readily  be  made  of  sufficient 
strengtli  to  prevent  serious  crushing  of  the  core  or  a  momentary' 
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interruption  of  the  gas  supply,  even  if  the  tube  is  accidentally 
stepped  on  while  in  use. 

4.  If  otherwise  satisfactory,  a  tubing  which  depends  upon  a  good 
wire  helix  for  transverse  strength  can  be  made  sufficiently  resistant 
against  crushing  to  be  regarded  as  safe  in  this  particular,  since  a 
strength  of  100  to  200  pounds  is  secured  by  this  method  of 
construction. 

5.  Samples  Nos.  8,  16,  22,  28,  and  34  which  had  no  metal  core 
or  wire  helix  were  very  easily  flattened  out  at  10  to  30  pounds  per 
linear  inch.  This  shows  the  limitations  of  such  construction,  and 
that  without  such  wire  or  metal  base  a  tubing  should  not  be 
regarded  as  generally  applicable,  though  it  would  perhaps  be 
safe  in  certain  special  work. 

6.  The  larger  diameter  tubing,  whether  wire  helix  or  metal 
core,  is  generally  more  easily  crushed  than  that  of  small  diameter, 
as  is  evident  by  comparison  of  No.  24  with  31,  25  with  21,  29  with 
3,  and  5  with  2,  of  which  pairs  the  first  named  differs  from  the 
second  principally  by  being  larger  in  diameter. 

7.  It  might  appear  from  comparison  of  Nos.  3  and  29  with  2 
and  25,  respectively,  that  the  bare  metal  tubing  was  less  resistant 
to  crushing  than  those  covered  with  composition  and  fabric. 
However,  this  seems  improbable,  for  No.  7  is  as  strong  as  Nos.  2 
and  17,  and  one  could  scarcely  credit  to  the  single  layer  of  cotton 
fabric  any  great  strength.  Therefore,  it  seems  that  Nos.  3  and  29 
are  weaker  because  of  somewhat  inferior  metal  and  our  conclusion 
numbered  (i)  above  seems  justified. 

From  these  observations  it  is  evident  that  the  proposed  require- 
ment of  transverse  strength  is  extremely  easy  of  compliance  for 
any  metal-core  or  wire-heHx  tubing;  but  in  oiu*  opinion  it  is  not 
necessary  to  make  it  more  severe,  since  100  pounds  per  linear  inch 
is  the  maximum  load  to  be  expected.  In  other  words,  we  assume 
that  the  severity  of  treatment  anticipated,  and  not  the  commerci- 
ally possible  strength,  should  determine  the  specification,  in  order 
that  some  less  expensive  form  of  construction  that  really  would 
be  adequate  and  safe  may  not  be  excluded  from  future  considera- 
tion. 

2.  TENSILE  STRENGTH 

The  tensile  strength  was  determined  in  the  same  machine  in 
which  the  transverse  tests  were  made.  The  tests  consisted  in 
taking  a  firm  grip  on  each  end  of  a  piece  of  tubing  about  1 2  inches 
long  and  noting  the  maximum  load  before  break. 
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Undoubtedly  some  leakage  would  occur  through  some  of  these 
tubings  before  such  maximum  load  was  reached,  but  the  methods 
used  in  these  preUminary  tests  did  not  permit  determination  of 
tliis  point.  However,  tlie  margin  of  safety  above  the  proposed 
requirement  is  so  great  with  the  steel-core  tubing,  in  which  class 
such  leakage  would  be  most  probable,  that  we  feel  no  hesitation 
in  tentatively  accepting  the  test  of  breaking  strength  as  a  guide. 

The  results  of  the  tests  of  tensile  strength  wliich  we  have  made 
are  given  in  Table  2 ;   the  following  conclusions  are  drawn : 

1.  Samples  of  Class  I  with  rubber-packed  steel  core  pass  the 
proposed  specifications,  with  a  wide  margin  of  safety  in  ever\^  case 
except  sample  No.  3.  The  majority  of  samples  in  this  class  are 
representative  of  good  steel-core  tubing  which  has  a  tensile  strength 
of  175  to  250  pounds. 

2.  Of  the  steel-core,  rubber-packed,  tubings.  No.  9  is  imques- 
tionably  of  the  best  construction.  Sample  No.  3  is  by  far  the 
weakest  of  this  group,  partly  as  a  result  of  small  diameter,  partly 
because  of  apparently  inferior  material  and  design,  and  partly 
because  it  has  no  fabric  or  composition  to  contribute  to  its  strength. 

3.  Of  the  Class  I  tubings  without  packing,  a  number  fall  below 
the  specifications  in  tensile  strength,  but  if  covered  -with  metal 
braiding,  as  Nos.  50  and  54,  they  can  be  made  strong  enough. 

4.  Of  the  rubber  tubings,  Nos.  7  and  iS  each  contains  two 
layers  of  rubber,  apparently  of  fine  quaUty,  and  represents  the 
best  form  of  tubing  without  steel  core  which  we  have  examined. 

5.  Of  the  medium  to  fair  grades  of  rubber  tubings  (samples 
Nos.  10,  16,  22,  23,  26,  28,  and  34)  the  strength  was  largely  de- 
pendent upon  the  thickness  and  quality  of  the  mbber;  but  in  one 
instance  (Xo.  23)  the  use  of  a  hea\'ily  tln^eaded  composition  con- 
tributed largely  to  the  strength. 

6.  One  of  the  most  dangerous  styles  of  rubber  tubing  on  the 
market  is  illustrated  by  sample  No.  8.  This  general  class  of 
tubing  is  not  worthy  of  any  consideration  in  the  drafting  of  a 
specification. 

7.  Of  Class  III,  no  more  consideration  should  be  given  to  ma- 
terials like  Nos.  4  and  14  than  is  credited  to  those  like  No.  8. 
This  style  is  largely  sold  by  5  and  10  cent  stores  and  similar  estab- 
lishments. Sample  No.  1 1  is  scarcely  any  better.  It  does  have 
the  advantage  of  a  strong  composition  and  fabric  layer,  which 
produces  a  tensile  strength  above  the  proposed  requirement; 
however,  it  would  fail  to  pass  in  other  particulars. 
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8.  The  tensile  strength  of  samples  Nos.  24,  31,  and  33  illustrates 
the  possibility  of  full  compliance  with  this  specification  by  use  of 
a  strong  composition  containing  lengthwise  threads. 


. ii  t'y 


TABLE  2.— Tensile  Strength  of  Tubing 


Class  I  samples 

Class  n  samples 

Class  III  samples 

With  rubber  packing 

Without  robber 
packmg 

Sample 
No. 

Tensile 

strength 

Sample 

No. 

Tensile 

Sample 
No. 

Tensile 
strength 

Sample 
No. 

TensUe 
strength 

strength 

1 
2 
3 
5 
6 
9 

Pounds 

[          180 
1          280 
J           238 
1           200 
(            78 
I            90 

248 

240 
(           172 
1           ISO 

350 
1          350 

220 
{          220 

175 
1          200 

240 
1          248 
J           136 
1           130 

1" 

1 

50 

i   " 

62 

1    " 

55 

i   » 

57 

Pounds 
J            70 
I            60 

1370 

80 

(            60 
I            80 

70 

380 

80 

90 

1     ' 

8 
10 

18 
22 
23 
26 
28 
34 

Pounds 

(              104 
(              100 

I                48 
[                68 
I                70 
[              110 
1              100 
(              108 
I              120 

1          62, 80 

100 

72 

74 

68 

66,82 

a  130 

70,62 

1    • 

1   ■' 

!  " 
!  " 
1  « 

33 

Pounds 
J        60,  78,  70 
i        53,62,58 
(       100 
1       105 
(              40, 58 
1        49,55,50 
j       190 
t      218 

215 

210 
1       195 
1      180 

17 

21 

25 

» 

, 

29 

i 

I 

1 

o  Probably  incorrect  value. 

Tubing  is  often  accidentally  subjected  to  pulls  and  strains  of 
uncertain  magnitude,  but  the  7 5 -pound  requirement  seems  ade- 
quate to  protect  the  tubing  against  such  strain;  since  all  of  the 
samples  that  are  otherwise  acceptable  had  a  tensile  strength  con- 
siderably in  excess  of  that  figure,  there  will  be  no  difficulty  in 
meeting  such  requirement.  Here  again,  however,  we  believe  the 
wording  should  be  more  explicit,  so  that  it  will  be  evident  that 
the  tubing  must  not  leak  after  being  subjected  to  a  75-pound  pull. 
We  therefore  suggest  a  slightly  modified  form  for  the  specification. 

3.  PULL  REQUIRED  TO  REMOVE  END  PIECE 

No  complete  specifications  have  yet  been  proposed  by  the  gas 
association  committees  for  attaching  the  rubber  ends  to  the 
flexible  tubing,  but  it  was  evident  from  the  number  of  leaks 
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found  around  the  end  connections  and  the  small  pull  required  to 
remove  some  of  them  that  this  was  one  of  the  weak  spots  in  many 
tubings. 

Oiu"  tests  of  the  strength  of  the  joint  were  made  by  the  same 
general  method  as  was  used  in  the  tests  of  tensile  strength.  The 
results  are  presented  in  Table  3,  and  the  following  general  con- 
clusions are  drawn: 

1.  In  the  rubber-packed,  metal-core  tubings  the  metal  tail- 
piece which  was  screwed  into  the  corrugations  of  the  metal  core 
seemed  to  be  as  tight  and  as  strong  as  the  other  part  of  the  tubing. 

2.  When  a  rubber  end  was  fastened  over  such  a  metal  tailpiece 
the  connection  between  tailpiece  and  tubing  was  stronger,  in 
every  case  but  one,  than  that  between  the  tailpiece  and  the 
rubber.  When  the  corrugations  of  the  tailpiece  were  line  the 
grip  of  the  rubber  was  good,  requiring  a  pull  of  100  to  1 70  pounds 
to  separate  it  (see  especially  samples  Nos.  i,  9,  7,  and  18;  also 
Nos.  31  and  ;}2,,  which  were  very  similar),  but  with  coarse  corru- 
gations on  the  metal  tailpieces,  e.  g.,  samples  Nos.  10  and  26, 
the  rubber  seems  to  pull  off  much  more  readily  at  50  to  80  pounds. 

3.  When  metal  end  pieces  were  attached  by  making  the  tail 
piece  a  part  of  tlie  metal  end  itself,  the  strongest  construction 
was  obtained,  as  shown  by  samples  Nos.  2,  17,  21,  25,  22,  and 

28,  all  of  which  pulled  off  at  100  to  250  pounds  or  resisted  suffi- 
cient pull  to  break  the  tubing  itself  (in  each  case  more  than  100 
pounds) . 

4.  When  a  rubber  end  was  attached  to  a  wood  plug,  as  in  Nos. 
16,  34,  4,  II,  and  14  the  break  occurred  at  50  to  80  pounds, 
either  in  the  tubing  or  by  separation  of  all  or  part  of  the  rubber 
end  piece,  according  to  the  relative  strength  of  the  parts.  One 
exception  to  this  group  was  sample  No.  5,  which  was  unusually 
strong  and  well  made. 

5.  WTien  the  rubber  end  was  attached  to  bare  metal,  as  Nos.  3, 

29,  and  51,  or  to  metal  covered  with  a  single  fabric  layer,  the 
strength  of  the  joint  was  small  and  separation  of  tlie  end  occmred 
with  a  pull  of  30  to  80  pounds.  Moreover,  this  stjde  of  joint  is 
much  weakened  by  the  strains  which  occvu:  while  the  tube  is 
being  attached  to  or  detached  from  piping  or  appliances. 

6.  In  the  case  of  brass  and  steel  tubings  without  rubber  packing 
to  which  metal  ends  were  brazed  or  soldered,  the  joint  was 
invariably  stronger  than  the  tubing  itself. 

As  a  general  conclusion,  we  believe  the  joint  between  tube  and 
end  piece  could  properly  be  required  to  be  of  such  strength  as  to 
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easily  resist  a  pull  of  at  least  75  pounds,  which  is  the  strength 
recommended  for  the  tubing  itself. 


TABLE  3.— Pull  to  Remove  End  Piece 


Class  I  samples 

Class  II  samples 

Class  III  samples 

With  rabbet  packing 

Without  rubber  paclcing 

Sample 
No. 

Pull 

Sample 
No. 

Sample 
No. 

Pull 

Sample 
No. 

Pull 

PuU 

1 
2 
3 
5 

6 

9 

17 

Pounds 

r         110 

1         150 

(         130 

1            90 

t            64 

1            65 

(           160 

I          118 

1            80 

1            80 

125 

160 

148 

146 

250 

35 

1    « 

50 

1    " 

52 
53 

1     " 

55 
56 

57 

Pounds 
C) 

C) 
1           46 

(") 

(») 

(«) 
(°) 

52 

7 

8 

10 

16 

IS 

22 

23 
26 
28 
34 

Pounds 

100 

No  end 

(           60 
1           80 

1            '^ 
I            46 

f           106 

I          110 

(<■) 

No  test 
50 

("■) 

4 
11 

1    » 

Pounds 

(") 

I          80 

(«) 

No  test 
118 
168 

21 

25 

29 

1 

o  Tubing  broke  before  end  pulled  off. 

4.  TIGHTNESS  WHEN  STBLAIGHT,  BENT,  OR  TWISTED 

The  tightness  of  various  tubing  samples  was  determined  by 
attaching  one.end  of  the  tubing  to  the  outlet  of  a  wet  gas  meter 
(rff  cubic  foot  per  revolution)  and  stoppering  the  other  end. 
Gas  was  turned  on  through  the  meter  and  maintained  in  the 
tubing  at  a  pressure  of  6  inches  of  water.  After  the  gas  had 
stood  in  the  tubing  for  about  20  minutes  the  leakage  was  deter- 
mined over  intervals  of  5  minutes. 

In  order  to  make  sure  that  no  leakage  occurred  at  the  connec- 
tions to  the  meter  or  at  the  stoppered  end  these  points  were  tested 
with  soapy  water.  The  figures  reported  as  leakage,  therefore, 
represent  the  actual  seepage  through  the  tubing  or  through  such 
small  leaks  around  the  end  pieces  as  were  too  small  to  locate 
with  the  soapy  water. 

To  determine  whether  the  tubing  would  develop  any  additional 
leakage  when  bent  into  a  circle  of  about  3  inches  in  diameter 
each  sample  was  coiled  about  a  form  of  that  size  and  another 
117340°— 19 3 
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leakage  test  made.  This  obser\'ation  was  then  repeated  20 
minutes  later  with  the  tubing  still  coiled  about  the  form.  Again 
after  straightening  the  tubing  the  5 -minute  observation  was 
made  and  still  another  test  20  minutes  after  straightening.  It 
was  thought  that  these  tests  at  interv'als  would  reveal  any  fatigue 
of  the  rubber  packing  or  the  composition  layers  of  the  tubing  that 
might  occur  during  short  periods  after  bending  or  the  recovery 
occurring  within  a  short  time  after  the  straightening  of  the  tube. 
Similar  leakage  tests  were  made  on  the  tubing  after  twisting  a 
I -foot  length  of  it  through  180°  both  clockwise  and  counter- 
clockwise. The  results  of  these  observations  are  given  in  the 
following  table  only  in  a  summarized  form  since  practically  no 
significant  differences  in  leakage  were  noted  ixnder  tlie  different 
conditions.  The  two  values  given  for  each  sample,  therefore, 
represent  the  minimum  and  the  maximum  value  for  that  material 
and  do  not  bear  any  special  relation  to  the  question  of  bending 
or  twisting. 

TABLE  4.— Tightness  of  Tubing 


Class  I  sajnples 

Class  IX  samples 

Class  m  samples 

Wia  rubber  packing 

Without  rubber  pacliing 

Sample 
No. 

Leakage 
(thousandths 
cubic  foot 
per  hour 
per  6-foot 
length) 

Sample 
No. 

Leakage 
(thou- 
sandths 
cubic  foot 
per  hour 
per  6-foot 
length) 

Sample 
No. 

l.eakage 

(thousandths 
cubic  toot  per 
hour  per  6- 
foot  length) 

Sample 
No. 

Leakage 

fthousandths 
cubic  loot  per 
hour  per  6- 
loot  length) 

1 
2 
3 
5 
6 
9 
17 

5-9 
0 

2-6 
24-48 
10-30 

3-6 
0 

2-7 

0-3 

(=) 

49 
50 
51 
52 
53 
54 
55 
56 
57 

0 
0 
0 
0 
0 
0 
C 

0 

7 
8 
10 
16 
18 
22 
23 
26 

3 

3-7 
2-6 
0-2 

0 

0 

C) 
(») 

4 
11 
14 
24 
31 
33 

1-9 
0-2 

(") 

m 

2 

14-18 

21 

25 

29 

28 

0 

o  Leak  in  connection. 


1>  Xo  test. 


There  are  tubings  on  the  market  which  have  some  ver^'  desirable 
properties,  but  can  not  be  twisted  very  much  without  leaking. 
It  seems  that  such  tubing  might  be  entirely  satisfactory  if  it  were 
so  strong  that  it  required  more  force  to  twist  it  than  would  be 
applied  to  it  in  ordinary  use.  Attacliing  a  hose  over  a  nozzle  is 
usually  accomplished  with  a  tmsting  motion,  especially  if  the 
nozzle  is  too  large  for  the  end  piece.     It  was  found  by  a  few  rough 


Tesis  of  Flexible  Gas  Tubing  19 

tests  that  the  force  one  might  apply  in  such  a  case  was  about  equal 
to  a  weight  of  2  pounds  at  the  end  of  a  lever  1 2  inches  long.  And 
this  minimum  requirement  is  incorporated  into  the  specifications. 

As  will  be  seen  from  the  table,  the  leakage  was  very  small ;  but 
very  few  samples  would  comply  with  the  committee's  proposed 
requirement  of  showing  absolutely  no  leakage.  Most  of  the  de- 
tected leaks  were  near  the  end  connections  and  a  large  number  of 
such  leaks  were  found  on  samples  which  were  therefore  discarded 
from  further  tests.  Practically  all  of  the  tubings  were  so  nearly 
tight  as  to  make  it  impossible  to  judge  anything  as  to  the  relation 
between  tightness  and  make-up  of  the  tube.  However,  we  believe 
that  a  longer  series  involving  life  tests  will  develop  the  necessary 
information  as  to  the  tightness  of  the  tubing  after  use  under  various 
conditions.     Such  further  work  is  contemplated. 

It  is  evident  that  the  leakage  is  of  such  small  magnitude  in 
practically  every  case  as  to  introduce  no  element  of  hazard  under 
ordinary  conditions  of  use  unless  large  deterioration  resulted  with 
time.  We  beUeve,  therefore,  that  the  specifications  should  allow 
such  small  leakage  as  has  been  found  in  the  better-grade  samples 
which  we  have  tested.  Indeed,  we  think  this  would  be  essential 
if  precise  compliance  with  the  proposed  specifications  were 
expected.  It  appears  to  us  that  it  would  be  entirely  proper  to 
permit  tubings  that  would  not  show  leakage  in  excess  of  0.02 
cubic  foot  per  hour  per  6-foot  length,  though  it  may  be  entirely 
feasible  to  specify  a  limit  of  o.oi  cubic  foot  per  hour. 

5.  PRESSURE  LOSS 

Pressure  loss  on  the  different  samples  was  determined  by  having 
a  pressvu-e  gauge  at  each  end  of  a  6-foot  section  of  a  gas  tube, 
including  end  pieces,  and  noting  the  loss  in  pressure  when  passing 
gas  at  either  5  or  30  cubic  feet  per  hour.  The  pressure  loss  in 
most  samples  was  not  excessive.  In  the  few  cases,  for  lyhich 
it  was  large,  it  was  caused  by  a  constriction  in  each  end  which 
resulted  from  the  method  by  which  the  end  piece  was  attached 
The  results  of  otu"  tests  are  presented  in  Table  5. 

If  the  interior  diameter  of  the  tubing  is  specified,  the  only 
object  in  specifying  the  pressure  loss  is  to  prevent  any  such  imdue 
constrictions  so  that  the  tubing  will  deliver  a  certain  quantity  of 
gas  at  a  minimum  loss  in  pressure.  After  the  methods  for  attach- 
ment of  ends  are  fully  developed,  it  will  not  be  necessary  to  retain 
any  specification  for  pressure  loss  since  the  limitations  of  internal 
diameter  at  these  end  pieces  will  fully  care  for  this  detail  of  per- 
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formance.  In  the  meantime  if  the  marking  of  tubing  to  show 
the  gas  capacity,  as  proposed  in  our  specifications,  is  adopted 
generally  by  the  manufacturers,  the  matter  is  adequately  cared  for. 

TABLE  5. — Frictional  Resistance  of  Tubing  to  Passage  of  Gas 

A.  CLASS  I  SAMPLES.— RUBBER-PACKED  JOINT 


Approximate  internal 

diameter 

Cinch) 

Pressure  loss  per  6-toot  length 

Sample  No. 

At  6  cubic  feet  per  hour 
(inches  water) 

At  30  cubic  leet  per  hour 
(inches  water) 

1 

3/16 

3/16 

3/16 

5/16 

3/16 

3/16 

3/16 

3/16 

1/4 

1/4 

03 
.3 
.3 
.2 
.3 
.3 
.3 
.3 
.05 
.05 

2 

3 

5 
6 

2.1 

9 

17 

21 

25 

29 

.85 

NOT  RUBBER  PACKED 

49 

1/4 

0.1 

1.6 

50 

1/4 

.1 

1.6 

51 

1/4 

.1 

1.4 

52 

5/16 

.05 

.9 

53 

5/32 
1/4 

1.75 
.20 

54 

55 

5/16 

.15 

56 

1/4 

(") 

57 

1/4 

B.  CLASS  n  SAMPLES 

7 

1/4 

0 

0.70 

8 

5/16 

0 

.20 

10 

5/16 

0 

.6* 

16 

1/4 

0.2 

2.7 

18 

3/16 

.30 

22 

3/16 

1/4 

5/16 

.30 



26 

0 

.35 

28 

3/lS 
1/4 

.30 

34 

.20 

2.3 

C.  CLASS  ra  SAMPLES 


4 

5/16 

0 

0.65 

11 

3/8 

0 

.50 

14 

5/16 

0 

.45 

24 

5/16 

0 

.55 

31 
33 

3/16 
1/4 

.25 

.10 

1.70 
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6.  FLEXIBILITY 

The  tubing  samples  which  we  have  tested  were  kept  for  several 
months  coiled  loosely  in  a  large  basket  as  a  convenient  means  of 
storage  while  awaiting  test.  After  they  had  been  coiled  in  this 
way  for  such  period  it  was  found  that  no  significant  flexibility 
tests  could  be  made,  since  the  tubing  had  a  permanent  "set"  in 
different  directions  more  or  less  determined  by  the  direction  of  its 
bending  while  stored.  It  is  anticipated  that  similar  difficulty 
would  be  met  in  any  case  if  the  samples  had  not  been  kept  straight 
until  used  for  the  test.  For  this  reason  the  tests  suggested  by 
the  committee  would  often  be  difficult  of  application. 

The  committees'  proposed  specifications  require  flexibility  of 
tubing  sufficient  to  permit  it  "to  hang  in  a  graceful,  natural 
curve  "  from  any  point  of  support  or  attachment.  This  is  perhaps 
desirable  from  the  commercial  point  of  view,  but  we  can  not  see 
any  need  for  making  this  detail  a  requirement  in  the  specifications. 
If  the  tubing  can  be  bent  into  a  small  circle  without  any  apparent 
effort  and  will  stay  tight  after  such  bending  it  should  be  flexible 
enough  for  most  purposes.  For  uses  where  great  flexibility  is 
essential  to  good  appearance,  the  customer  can  select  those  vari- 
eties of  tubing  which  are  specially  suited  to  his  needs ;  for  general 
uses  the  tests  in  the  following  modified  specifications  will  guarantee 
sufficient  flexibility. 

Although  we  believe  that  the  importance  of  the  requirement 
for  flexibility  has  been  generally  exaggerated,  we  also  believe  it 
is  necessary  that  where  a  tubing  is  not  flexible  it  should  offer 
sufficient  resistance  to  twisting  or  bending  that  it  will  not  readily 
be  damaged.  This  idea  has  been  kept  in  mind  in  drawing  the 
modified  specifications,  but  because  it  is  so  difficult  to  know  just 
what  the  hazard  is  from  this  source,  and  also  because  it  is  difficult 
to  define  a  proper  test,  the  suggested  requirements  have  been 
made  very  liberal.  To  require  a  great  degree  of  flexibility  will 
certainly  limit  the  construction  in  many  ways,  and  will  necessitate 
sacrificing  certain  other  features  which  for  many  purposes  would 
be  much  more  valuable  than  extreme  flexibility.  We  shall 
therefore  suggest  certain  specifications  for  a  trial,  with  the  idea 
of  changing  the  numerical  values  whenever  experience  has  shown 
us  the  need  of  revision.  The  same  test  will  take  care  of  the  matter 
of  kinking,  for  which  some  test  was  felt  to  be  necessary. 

In  many  cases  it  would  seem  absolutely  unnecessary  to  require 
a  tubing  to  be  bent  into  a  3 -inch  circle  as  proposed  in  the  original 
committee  report.    Ordinarily  as  the  tubing  would  be  coiled  when 
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out  of  use,  it  would  be  in  a  circle  of  about  12  inches;  but  it  would 
often  be  bent  into  a  much  smaller  circle,  and  tightness  when 
in  a  6-inch  circle  seems  a  necessary  requirement.  To  provide  for 
sufficient  resistance  to  kinking  and  leakage  of  tubing,  which  can 
readily  be  bent  into  smaller  circles,  a  second  reqviirement  is 
necessar}^  to  provide  a  measure  for  this  featiu-e  of  strength,  and 
such  a  requirement  is  given  in  paragraph  5  (b)   of  our    proposals. 

7.  HEATING  TEST 

An  electrically  heated  oven,  the  temperatm'e  of  which  could  be 
maintained  very  uniform,  was  used  for  heating  a  number  of  the 
samples  for  48  hours  at  100°  F.  as  prescribed  in  the  specifications. 
An  open  vessel  of  water  in  the  oven  kept  the  air  satiu'ated  with 
moisture    at   this   temperature. 

Not  all  the  samples  were  examined  in  this  way,  but  those  which 
seemed  at  all  likely  to  show  bad  effects  from  such  treatment  were 
subjected  to  test.  None  of  the  samples  showed  serious  effects  from 
stickiness  or  oozing  of  the  composition. 

It  was  desired  also  to  determine  what,  if  any,  influence  the 
heating  had  upon  the  tensile  strength.  A  temperattne  of  100°  F. 
for  48  hotns  would,  of  course,  not  be  expected  to  have  any  ap- 
preciable effect  on  the  steel-core  samples  of  Class  I,  nor  even  upon 
those  of  Class  II,  which  were  mostly  of  rvibber.  Samples  of  Class 
III,  which  depended  for  their  tensile,  strength  almost  entirely  on 
the  cotton  fabric  covered  with  compoimd,  might  be  expected  to 
deteriorate  on  exposure  to  heat.  However,  only  in  the  case  of 
sample  No.  8  was  there  any  considerable  loss  in  tensile  strength; 
No.  1 1  was  somewhat  stronger  (probably  because  of  irregularities 
in  the  samples)  and  the  others  were  about  the  same  as  in  previous 
tests. 

A  temperature  of  100°  F  would  undoubtedly  cause  deteri- 
oration of  such  composition  layers  of  glycerin  and  glue,  or  of 
rubber,  if  continued  over  considerable  periods  of  time.  But  it 
seems  that  tubing  should  be  able  to  withstand  a  considerably  higher 
temperature  for  short  periods,  for  there  is  no  question  but  that, 
in  actual  use,  the  tubings  are  often  subjected  to  considerably 
higher  temperatures. 

If  100°  F  is  the  limit  of  heat  resistance  of  ordinary  practical 
tubing,  such  tubing  should  be  plainly  marked  and  not  used  where 
higher  temperatures  would  be  reached. 

Several  tests  were  made  on  tubings  which  were  subjected  to 
higher  temperatures.     At  300°  F,  tubings  Nos.  4,  11,  and  14,  of 


Tests  of  Flexible  Gas  Tubing  23 

Class  III,  gave  off  large  volumes  of  gas  and  smoke,  and  after  15 
minutes  at  this  temperature  the  tubings  could  be  picked  apart  with 
the  fingers.  At  this  temperature  the  rubber-packed  metallic  tubings 
were  also  ruined  within  a  few  minutes.  Where  the  metal  was  bare, 
as  in  sample  No.  3 ,  the  rubber  oozed  out  of  the  joints  but  the  tubing 
did  not  leak ;  after  the  tubing  was  removed  from  the  oven  and  al- 
lowed to  cool,  the  joints  became  loose  upon  further  handling. 
In  metalHc  tubings,  covered  with  composition  and  cloth,  the 
rubber-tliread  packing  seemed  to  be  protected  slightly,  but  the 
composition  oozed  through  the  cloth  covering. 

The  cloth  coverings  on  all  the  samples  that  were  tried  were 
readily  combustible,  so  that  they  quickly  took  fire  upon  being 
brought  in  contact  with  a  flame.  The  hazard  from  such  a  com- 
bustible cloth  covering  would  more  than  offset  any  advantage 
that  its  presence  would  give  in  respect  to  heat-resisting  properties 
of  the  tubing,  as  mentioned  in  the  previous  paragraph.  In  fact, 
the  advantage  of  the  metallic  core  is  largely  lost  unless  the  outer 
fabric  layers  are  reasonably  incombustible. 

8.  FREEZING  TESTS 

Since  gas  tubing  would  seldom  be  subjected  to  a  temperature 
as  low  as  0°  F,  it  seems  unnecessary  to  require  it  to  remain  very 
flexible  under  such  severe  conditions.  Unquestionably,  however, 
some  flexibility  should  be  retained  in  the  tubings  at  reasonably 
low  temperature;  e.  g.,  32°  F,  for  otherwise  the  composition  may 
readily  be  broken  when  a  cold  sample  is  bent.  We  believe,  there- 
fore, that  reasonable  flexibility  requirement  should  be  fixed  for 
32°  F  and  are  so  recommending  in  our  specifications. 

9.  RUBBER  SLIP  ENDS 

End  pieces  from  the  same  lot  of  tubing  used  for  the  tubing  tests 
were  used  for  tests.  The  numbers  given  to  the  end-piece  samples 
correspond  to  the  numbers  of  the  tubing  samples.  These  were 
tested  for  tensile  strength  and  percentage  elongation  at  break. 
The  strength  is  shown  both  in  terms  of  pounds  per  square  inch  of 
cross  section  of  rubber  and  for  the  whole  end  piece  calculated  for 
the  point  of  minimum  rubber  cross  section.  These  end  pieces  had 
been  stored  for  about  a  year  and  a  half  and  probably  had  dete- 
riorated slightly,  but  for  that  very  reason  the  samples  should  be 
more  representative  of  average  material  which  the  buyer  would  get. 

The  results  given  in  Table  6  bring  out  strikingly  the  wide  differ- 
ence in  the  quality  of  the  various  rubber  end  pieces,  and  when  one 
considers  that  probably  the  greatest  source  of  hazard  from  gas 
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tubing  is  from  the  defective  end  pieces  it  seems  that  a  small 
additional  cost  should  not  prevent  the  adoption  of  the  better 
quality.  The  necessity  for  a  high-grade  end  piece  is  especially 
important  until  there  is  some  uniformity  and  standardization  of 
the  size  of  hose-end  nozzles.  If  the  nozzle  was  always  the  correct 
size  for  the  particular  end  piece,  so  that  there  would  be  no  undue 
strain  or  stretching  of  the  rubber,  a  much  smaller  degree  of  flexi- 
bility and  strength  would  be  needed. 

TABLE  6. — Tests  of  Rubber  End  Pieces — Tensile  Strength  and  Percentage  Elongation 

at  Break 


Tensile 

strength 

Percentage  elongation 
at  break 

Sample  No. 

Pounds  per  square 

inch  of 

Pounds  for  the  end 

piece  for 

rubber  cross  sectiou 

minimum  cross 

section 

(                         944 

462 

450 

1 

1                          970 
1320 

475 
650 

400 
500 

4 

98 

29 

50 

S 

103 

33 

100 

6 

510 

100 

250 
'       200 

11 

165 

64 

50 
50 

24 

167 

65 

50 
50 

34 

165 

60 

200 

The  specifications  proposed  in  this  report  are  not  based  upon 
these  tests  of  aged  end  pieces,  but  upon  other  work  with  new 
rubber  which  will  very  readily,  if  of  good  grade,  comply  with  our 
recommendations.  In  fact,  very  much  more  severe  specifications 
would  be  commercially  possible,  but  at  present  such  greater 
severity  seems  unnecessary. 

10.  DETACHABLE  METAL  END  PIECES 

The  detachable  metal  end  pieces  appear  very  promising,  and  if 
the  ends  of  the  tubing  are  properly  prepared  for  these  end  pieces 
they  should  be  very  satisfactor}-.  The  tightness  depends  entirely 
upon  a  rubber  ring  which  forms  a  gasket  between  the  two  metal 
parts  and  by  being  thus  squeezed  is  forced  against  the  tubing. 
With  the  bare  metal  tubing  it  seemed  impossible  to  force  the  rubber 
ring  into  the  corrugations  of  the  tubing  sufl[iciently  to  make  a  gas- 
tight  joint.  With  one  of  the  composition  and  cloth-covered  tub- 
ings a  practically  tight  connection  was  made,  but  a  larger  tubing 
of  this  same  kind  leaked  considerably. 


Sample 
No. 


1 

2 
3 
5 
6 
9 
17 
21 
25 
29 
49 
50 
51 
52 
53 
54 
55 
56 
57 


Approxi- 
mate 
internal 
diameter 

(inch) 


3/16 

3/16 

3/16 

5/16 

3/16 

3/16 

3/16 

3/16 

1/4 

1/4 

1/4 

1/4 

1/4 

5/16 

5/32 

1/4 

5/16 

1/4 

1/4 
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CLASS  I.— TUBINGS  WITH  METALLIC  CORE 


25 


Pressure  loss  per  6-foot 
length  (inch  water 
pressure) 


At  6  cubic 

ieet  per 

hour 


0.3 
.3 
.3 
.2 
.3 
.3 
.3 
.3 
.05 
.05 
.1 
.1 
.1 
.05 
1.75 
.20 
.15 
(') 
(«) 


At  30  cubic 

feet  per 

hour 


Crushing 

load 

(pounds  per 

linear  inch) 


.85 


1.6 
1.6 
1.4 
.9 


(") 


525 
700 
400 
300 
700 
600 
700 
750 
400 
280 
SCO 
70O 
500 
450 
435 
800 
770 
685 


Tensile  strength 
(pounds) 


180-280 

238-200 

75-  90 

248-240 

172-180 

350-350 

220-220 

175-200 

240-248 

136-130 

70-  60 

1370 

80 
60-  SO 
70 
380 
80 
90 


Pull  to 

remove  end 

piece 

(pounds) 


110-150 

130-  90 

64-  65 

160-118 

80-  80 

125-160 

148 

146 

250 

35 

('') 

m 

6  46 

m 

C) 

52 


Leakage 
(thousandths 
cubic  foot 
per  hour 
per  6-foot 
length) 


5-  9 
0 

2-  6 
24-48 
10-30 

3-  6 
0 

2-  7 
0-  3 
C) 
0 
0 
0 
0 
0 
0 
0 


CLASS  n.— TUBINGS  WITHOUT  METALLIC  CORE  BUT  WITH  SOME  RUBBER 


7 
8 
10 
16 
18 

1/4 

5/16 

5/16 

1/4 

3/16 

3/16     • 

1/4 

5/16 

3/16 

1/4 

0 

0 

0 
.20 
.30 
.30 

.70 
.20 
.60 
2.7 

150 

10-10 
200 

25-17 
150 

20 
180 
200 

30 
125 

104-100 

48-  48 

68-  70 

110-100 

108-120 

82-62-  80 

100 

72-74 

68-66-  82 

130-70-  62 

100 

3 
3-7 

60-80 
72-46 
106-110 
(») 

2-6 

0-2 

0 

0 

23 

26 
28 

0 

.30 
.20 

.35 

50 
('■) 
(. 

0 

34 

2.3 

CLASS  m.— TUBINGS  WITHOUT  METALLIC  CORE  OR  RUBBER  LAYERS 


4 

5/16 

0 

.65 

135-100 

60-78-70-53 
62-58 

m 

1-9 

11 

3/8 

0 

.50 

130-  65 

100-105 

74-80 

0-2 

14 

5/15 

0 

.45 

130 

40-58-49-55 
50 

C) 

(") 

94 

5/16 
3/16 
1/4 

0 

55 

180 

190-218 

31 

.25 

370 

215-210 

118 

2 

33 

.10 

1.70 

190 

195-180 

168 

14-18 

0  Leak  in  connection. 


'>  Tubing  broke  before  end  pulled  off. 
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From  the  above  it  appears  that  bare  metal  tubings  and  those 
covered  with  a  loose  cloth  covering  need  to  have  the  ends  prepared 
in  some  way  to  assure  a  gas-tight  joint.  The  strength  of  the  joint 
is  ample,  as  shown  by  the  following  tests,  where  the  joint  was 
made  up  with  the  fingers  without  any  tools.  Sample  No.  6,  an 
uncovered  metal  tube,  broke  at  80  pounds  pull;  but  the  tubing 
was  damaged  before  the  end  pulled  off.  Sample  No.  7,  a  ^-inch 
covered  tubing,  and  No.  8,  a  T^-inch  covered  tubing,  broke  at  130 
and  100  pounds,  respectively. 

V.  DISCUSSION  OF  RESULTS 

The  specifications  for  the  construction  of  tubing  may  well  be 
definite  in  certain  details,  but  it  is  essential  that  they  be  so  worded 
that  they  are  minimum  specifications;  that  is,  permitting  noth- 
ing inferior  to  the  standard,  but  allowing  as  much  better  con- 
struction as  the  maker  ma}^  wish  to  afford.  Furthermore,  it 
seems  desirable  that  there  be  included  as  a  guide  to  the  makers 
of  tubing,  suggestions  as  to  the  preferred  grades  or  details  of  con- 
struction, which  are  not  yet  required  but  which  may  in  later 
requirements  be  made  compulsory. 

The  original  proposals  of  the  committees  went  far  beyond  this 
point  in  their  detail,  for  they  limited  the  makers  to  one  class  of 
tubing.  This  appears  to  us  to  be  undesirable  for  several  reasons, 
as  follows:  (a)  A  specific  requirement  prevents  the  exercise  of 
ingenuity  by  the  makers;  (6)  it  precludes  changes  in  construc- 
tion which  might  greatly  reduce  the  cost  of  manufacture,  even 
though  this  were  foimd  to  be  practicable  without  detriment  to 
the  performance  of  the  tubing ;  (c)  it  does  not  provide  the  desirable 
variety  of  styles  of  tubing  for  various  uses;  and  {d)  it  may  tend 
to  support  unduly  one  or  more  makers  who  are  especially  well 
equipped  to  supply  at  low  cost  the  style  of  material  covered,  to 
the  disadvantage  of  other  makers  who  may  be  able  to  supply 
other  styles  which  are  substantially  as  good. 

The  object  of  any  specifications  for  flexible  tubing  is  obviously 
the  elimination  of  the  more  dangerous  types  and  the  encourage- 
ment of  use  of  the  best  available  forms.  It  appears  that  too 
definite  or  limited  specifications  may  defeat  their  own  end  by 
making  it  impracticable  to  expect  full  compliance  at  the  outset. 
In  our  judgment,  therefore,  it  is  better  that  a  number  of  varie- 
ties of  tubing  be  permitted,  at  the  outset  at  least,  since  it  is  proba- 
ble that  it  would  be  utterly  impossible  to  supply  the  entire  demand 
for  tubing  with  any  single  style,  no  matter  how  good  it  might  be. 
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Then  it  would  be  expected  that  revisions  of  the  specifications 
would  gradually  make  them  more  rigid,  so  that  eventually  only 
the  highest  grades  would  be  permissible  under  these  requirements. 

It  does  not  appear  to  us  that  there  is  any  one  style  of  tubing 
that  can  properly  be  said  to  be  far  superior  to  all  others,  and 
until  such  tubing  is  available  it  would  seem  best  to  base  the  speci- 
fications largely  upon  the  performance  of  the  tubing.  The  required 
performance  will  in  some  cases  be  expressed  in  very  specific 
form  and  be  susceptible  of  determination  by  test;  in  other  par- 
ticulars the  requirements  will  have  to  be  general  in  nature,  either 
because  of  the  limited  amount  of  information  thus  far  available 
or  because  it  is  impracticable  to  make  tests  of  the  characteristics 
in  question. 

In  addition  to  the  specifications  for  performance  as  already 
discussed  in  the  sections  where  the  test  results  are  presented,  we 
think  that  some  consideration  must  be  given  to  the  following 
details  of  construction  which  are  of  some  importance  in  securing 
the  best  grades  of  tubing. 

1.  In  general,  a  noncombustible  metal  base  for  the  tubing  is 
desirable,  but  it  should  not  be  required  for  all  classes  of  tubing. 
If  it  is  not  used,  some  alternate  form  of  construction  to  secure  the 
required  strength,  resistance  to  crushing,  and  durability  is,  of 
course,  essential.  It  is  also  very  desirable  that  the  alternate 
construction  be  such  that  the  tube  will  not  readily  be  burned  or 
melted  apart  sufficiently  to  allow  the  gas  to  escape  in  large  quan- 
tities, even  when  subjected  to  somewhat  excessive  temperatures. 

It  must  be  recognized  that  with  the  exception  of  some  of  the 
new  varieties  of  all  metal  tubings,  the  tubings  in  general  use  can 
not  be  considered  noncombustible.  A  temperature  of  300°  F.  is 
sufficient  to  melt  or  dry  out  the  rubber  packing  and  although  no 
immediate  leaks  may  occur,  the  tubing  is  practically  ruined  and 
a  source  of  danger  subsequently.  A  combustible  cloth  covering 
introduces  an  additional  hazard  which  could  be  eliminated  by  a 
slight  expense  in  fireproofing  the  material.  • 

2.  It  does  not  seem  desirable  that  the  precise  natiu-e  of  the 
metal  core  of  the  tubing  be  defined  by  specification  since  any 
construction  meeting  the  requirements  as  to  performance  would 
be  acceptable.  For  this  reason  the  requirements  of  "one  un- 
broken strip  of  metal,"  "  wound  spirally,"  "  an  interlocking  seam," 
and  "  a  continuous  rubber  thread-like  gasket "  appear  inexpedient. 
Splicing  of  lengths  should,  however,  be  forbidden. 
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5.  The  uninformed  user  of  tubing  will  often  allow  tubing  to 
come  in  contact  with  the  hot  parts  of  the  appliance  with  which 
it  is  used,  if  it  seems  from  its  appearance  that  this  will  do  no 
damage.  Therefore,  if  a  tubing  is  made  to  appear  fireproof,  it  is 
essential  that  it  be  actually  of  such  nature  that  ordinary-  use  in 
work  that  exposes  it  to  rather  high  temperatures  will  not  produce 
serious  deterioration. 

4.  When  any  composition  la3xrs,  such  as  those  made  from  glue 
or  glycerine  mixtures  are  employed,  they  should  be  adequately 
wTapped  with  paper  or  cloth  layers  to  prevent  mechanical  damage 
during  ordinary  use  and  to  prevent  any  stickiness  or  softening 
from  heat  or  moisture  under  ordinary  conditions. 

5.  Tubing  which  is  constructed  with  layers  of  rubber  composi- 
tion, and  which  is  dependent  primarily  upon  this  for  strength  and 
tightness,  should  preferably  be  made  up  with  fabric  incorporated 
in  the  rubber  layers,  after  the  fashion  of  garden  hose.  The  rubber 
must,  of  course,  be  made  up  in  a  high-grade  and  diu-able  composi- 
tion. 

6.  For  tubing  which  is  specialh'  constructed  for  use  with  gas 
irons,  it  is  x&ry  desirable  that  at  the  end  near  the  iron  there  be 
a  reinforcing  spiral  wire,  sleeve,  or  other  support.  This  will 
prevent  damage  to  the  tube  from  the  repeated  bending  at  one 
point  which  is  likely  to  result  imless  special  precautions  are  taken 
to  distribute  over  an  appreciable  length  of  the  tube  the  bending 
that  necessarily  occms  during  the  use  of  the  iron. 

7.  It  does  not  appear  that  a  specification  intended  primarily 
to  cover  safe  construction  of  tubing  need  include  requirements 
as  to  the  color  or  nature  of  the  outer  fabric  layers.  Unquestion- 
ably it  is  desirable  that  the  cover  be  dyed  with  a  fast  color,  but 
such  details  will  be  determined  by  the  makers  in  accordance  with 
commercial  demands  and  can  properly,  therefore,  be  left  to  them 
for  decision. 

8.  The  proposed  requirement  of  dimensions  of  tubing  recog- 
nizes the  probable  need  for  other  sizes  in  addition  to  the  three 
specificall}^  mentioned,  and  we  believe  that  the  rule  must  be  so 
loosely  drawn  that  any  size  can  be  manufactured.  There  is  some 
advantage  in  imiformity  of  sizes  in  order  that  it  ma}'  be  easier 
to  fit  the  end  pieces  and  ferrules  to  tubings  of  different  makes; 
but  there  does  not  appear  to  be  sufficient  advantage  in  any  such 
rule  as  to  justify  including  this  requirement  in  the  general  speci- 
fications. 


Tests  of  Flexible  Gas  Tubing  29 

9.  It  is  highly  desirable  that  the  purchaser  be  able  to  determine 
the  quantity  of  gas  which  any  sample  of  tubing  will  deliver,  so 
that  he  may  purchase  an  appropriate  material.  However,  the 
external  diameter  is  a  poor  guide  to  this  determination  even  when 
there  is  some  limit  as  to  the  relation  between  inside  and  outside 
dimensions,  because  usually  neither  the  customer  nor  the  sales 
person  is  competent  to  estimate  the  gas  capacity  even  from  inside 
dimensions.  It  is  believed  that  some  marking  of  gas  capacity 
would  be  desirable,  and  it  is  included  as  a  recommendation  in  the 
revised  specifications. 

10.  In  order  to  make  the  manufacturers  of  tubing  responsible 
to  a  greater  degree  for  their  product,  it  seems  desirable  that  the 
maker's  name  be  indicated  on  the  tubing  even  up  to  the  time  it 
reaches  the  user.  This  may  be  accomplished  by  markings  on 
the  metal  or  rubber  ends  or  by  a  small  tag  attached  to  each 
length  of  tubing.  This  practice  is  recommended  in  the  revised 
specifications. 

VI.  MODIFIED  SPECIFICATIONS  PROPOSED 

The  following  modified  specilications  are  presented  for  further 
consideration.  It  is  believed  that  they  will  permit  several  of  the 
better  classes  of  tubing,  but  that  a  large  percentage  of  the  inferior 
grades,  including  all  those  which  seem  inherently  objectionable 
from  the  standpoint  of  safety,  will  be  precluded.  In  a  number 
of  instances  it  is  still  impossible  to  draft  the  proper  rules  to  cover 
features  which  must  be  taken  into  account  in  the  complete  speci- 
fications. In  some  such  cases  only  the  need  for  the  rule  is  indi- 
cated; in  others  the  rule  is  proposed  in  a  general  form,  suitable 
for  tentative  adoption,  with  the  idea  that  more  definite  specili- 
cations can  later  be  formulated  to  supersede  this  preliminary 
regulation. 

As  pointed  out  above  these  recommendations  are  not  considered 
as  final  in  any  sense,  but  are  submitted  for  criticism  and  comment. 
The  Bureau  of  Standards  will  therefore  welcome  commimications 
from  all  interested  parties. 

Tentative  Specifications  for  Flexible  Gas  Tubing 

[Proposed for  criticism  and  comment] 

Flexible  gas  tubing  which  is  made  and  sold  to  the  general  public  for  use  with  city- 
gas  or  for  similar  piu-poses  shall  conform  to  the  following  specifications  of  construction 
and  performance. 

I.    GENERAL   CONSTRUCTION 

(a)  In  general,  tubing  as  offered  for  sale  to  the  general  public  shall  be  made  up  of 
suitable  lengths  of  flexible  tube  with  end  pieces  of  rubber  or  metal  already  attached. 
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It  is  recommended  that  there  be  no  general  sale  by  retailers  of  long  lengths  and 
separate  end  pieces  -which  it  is  intended  that  the  user  will  assemble  for  himself. 
Furthermore,  it  is  recommended  that  makers  of  end  pieces  or  of  tubing  do  not  sell  their 
product  unless  in  complete  assembled  form,  except  to  dealers  whom  it  is  known  have 
facilities  for  and  intended  to  perform  properly  the  work  of  assembling. 

(6)  If  tubing  is  made  to  appear  to  the  user  to  be  fireproof  or  substantially  resistant 
to  heating,  then  it  shall  actually  be  made  so  resistant  to  high  temperature  that  such 
contact  with  the  hot  parts  of  an  appliance  or  the  hot  products  of  combustion  of  gas 
as  may  readily  occur  will  not  cause  it  to  leak  or  be  otherwise  seriously  defective. 

2.    NATURE    OF    VARIOUS    LAYERS 

(a)  Metal  Core. — It  is  recommended  that  a  strong  and  substantially  gas-tight  metal 
core  shall  be  used  for  all  tubing  intended  for  sale  to  the  public  for  general  uses.  The 
rubber  threadlike  packing,  which  may  be  used  to  make  such  core  gas-tight,  shall 
not  be  the  sole  means  for  preventing  leakage,  but  a  layer  of  rubber,  composition,  or 
other  suitable  gas-tight  material  must  also  be  employed.  Provided,  however,  that 
if  the  metal  core  is  made  up  to  be  of  itself  gas-tight,  or  is  made  so  with  suitable  non- 
combustible  packing,  then  this  outer  layer  of  rubber  or  composition,  though  often  desir- 
able, is  not  always  required.  Splicing  of  the  metal  core  shall  be  avoided  whenever 
practicable;  when  necessary  it  must  be  done  in  such  manner  as  to  leave  the  tube  as 
strong  and  tight  as  an  unspliced  section. 

(b)  Rubber  Layers. — If  layers  of  rubber  compound  are  used,  they  shall  have  incor- 
porated in  them  or  closely  adherent  to  their  surface  suitable  fabric  layers.  When 
such  layers  of  rubber  compound  are  used  without  metal  core,  even  though  a  rein- 
forcing wire  helix  be  used,  it  is  recommended  that  several  layers  of  strong  fabric  be 
incorporated  in  the  rubber  to  give  a  construction  similar  to  that  of  garden  hose.  The 
composition  of  rubber  layers  should  be  suitable  and  \-ulcanization  adequate  so  that 
no  deterioration  causing  leakage  or  serious  loss  of  flexibility  will  occur  during  ordinary 
careful  use  for  a  period  of  at  least  two  years. 

(c)  Composition  Layers. — Any  composition  layers,  for  example,  those  containing 
glue,  glycerine,  or  similar  materials,  shall  be  so  made  that  they  will  resist  all  ordinary 
service  without  cracking,  oozing,  or  becoming  sticky. 

(d)  Tubing  made  up  without  either  metal  core  or  rubber  layer  such  as  recommended 
in  (6)  must  not  be  sold. 

3.  LABELING 

(a)  It  is  recommended  that  each  length  of  tubing  offered  for  sale  be  labeled  with 
the  name  and  address  of  the  maker  by  suitable  marking  on  the  end  connections  or  by 
a  small'tag  attached  to  the  tubing,  or  both. 

(6)  It  is  recommended  that  each  length  of  tubing  be  marked  clearly  to  show  the 
maximum  rate  of  gas  flow  for  which  it  is  suited.  For  this  purpose  the  rating  shall  be 
based  upon  the  cubic  feet  per  hour  of  gas  of  specific  gravity  0.60  which,  will  pass  through 
the  tubing,  including  the  end  pieces,  with  a  loss  of  pressure  of  not  greater  than  5/10 
inch  of  water. 

4.  STRENGTH 

(a)  The  tubing  shall  be  so  resistant  to  crushing  that  it  will  support  a  transverse  load 
of  100  pounds  per  linear  inch  without  either  permitting  a  leakage  of  gas  or  collapsing 
enough  to  shut  off  the  flow  of  gas. 

(6)  The  tubing  shall  be  capable  of  withstanding  without  leaking  either  during  or 
after  the  application  of  the  load  a  stead)-  lengthwise  pull  equivalent  to  a  weight  of  75 
pounds. 
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(c)  The  tubing  shall  be  capable  of  withstanding  without  leakage  either  during  or 
after  the  test  a  twisting  movement  acting  clockwise  or  counterclockwise  sufficient 
either  (i)  to  produce  an  angular  deflection  of  180°  per  foot  of  length,  or  (2)  to  produce 
a  strain  equivalent  to  that  given  by  a  2 -pound  weight  at  the  end  of  a  lever  12  inches 
long. 

5.    FLEXIBILITY 

(a)  The  tubing  shall  show  no  increase  in  leakage  when  bent  into  a  circle  6  inches 
in  diameter,  if  tested  in  accordance  with  paragraph  6  (6),  either  (i)  at  once  after  such 
bending;  or  (2)  after  being  so  bent  for  20  minutes;  or  (3)  after  straightening  the  tube 
following  a  period  of  30  minutes  in  the  bent  position. 

(6)  The  tubing  shall  be  of  sufficient  strength  to  resist  without  damage  or  kinking  a 
pull  applied  at  the  ends  of  the  tube  at  least  as  great  as  shown  in  the  following  tabulation : 

MayimiTTTi  pull  on  ends  which 

tubing    must    resist    when 

formed    into    a    loop    and 

Smallest  circle  into  which  tubing  can  be  pulled  into  a  circle  of  size 

bent  without  leaking  or  kinking                                                                             indicated 
3  inches  or  less 2  pounds  weight 

3  to  4  inches 4  pounds  weight 

4  to  5  inches 6  pounds  weight 

5  to  6  inches 8  pounds  weight 

(c)  The  tubing  shall  retain  its  flexibility  at  low  temperature  sufficiently  that  after 
being  kept  at  32°  F.  for  6  hours  it  will  pass  the  bending  test  prescribed  in  the  pre- 
ceding paragraph. 

6.   TIGHTNESS 

(a)  The  tubing  shall  be  sufBciently  gas-tight  so  that  a  6-foot  length,  including  the 
end  pieces,  shall  show  a  leakage  of  not  more  than  0.02  cubic  foot  of  gas  per  hoiu'. 

(6)  The  test  for  tightness  shall  be  made  as  follows:  One  end  of  the  tube  shall  be 
connected  to  the  outlet  of  a  gas  meter  graduated  to  read  to  o.ooi  cubic  foot  and  with 
the  other  end  stoppered  the  tube  shall  be  subjected  to  a  gas  pressvu'e  of  6  inches  of 
water  for  a  period  of  at  least  5  minutes. 

7.    RESISTANCE   TO   HEATING 

(a)  Tubing  shall  be  so  resitant  to  heat  that  it  will  not  soften  sufficiently  to  become 
sticky  or  for  any  part  to  ooze  out  through  the  paper  and  fabric  layers  when  the  tubing 
is  kept  for  24  hoxirs  at  a  temperature  of  125°  F.  in  an  atmosphere  saturated  at  that 
temperatiu'e  with  water  vapor. 

8.    RUBBER    SLIP    ENDS 

(a)  If  rubber  slip  ends  are  used  they  shall  be  made  of  rubber  compoimd  of  the  fol- 
lowing characteristics: 

1.  Material. — The  rubber  ends  shall  be  made  from  a  properly  vulcanized  compoimd 
containing  not  less  than  60  per  cent  by  volume  of  Fine  Para  or  best  grade  Hevea- 
Plantation  rubber.  The  sulphur  available  for  vulcanization  shall  not  be  over  8  per 
cent  of  the  weight  of  rubber  present.  The  remainder  of  the  compound  shall  consist 
oidy  of  inorganic  material.  No  rubber  having  previously  been  vulcanized  shall  be 
used.  (This  is  approximately  equal  to  a  minimtun  of  35  per  cent  by  weight  of  rubber 
and  a  maximum  of  2.8  per  cent  by  weight  of  sulphiu'  for  vulcanization  on  a  compoimd 
of  1.6  specific  gravity.) 

2.  Physical  Properties. — The  rubber  shall  show  upon  testing  a  tensile  strength  of 
not  less  than  1200  pounds  per  square  inch;  an  ultimate  elongation  of  not  less  than 
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350  per  cent;  and  a  pennanent  set  of  not  more  than  25  per  cent  after  ha\'ing  been 
sUetched  300  per  cent  for  10  minutes  and  then  allowed  to  rest  for  10  minutes.  (One 
lot  of  specimens  shall  be  tested  for  strength  and  elongation  which  have  not  been  pre- 
\'iously  stretched  and  a  separate  lot  of  specimens  shall  be  used  for  the  set  test,  i 


Oee/^n  of  Rubbei' Hose  End 


Disi'tfn  of  /iose  £ndNox.xle 

Fig.  4. — Design  for  standard  hose  end  nozzle  and  standard  rubber  hose  end 
Proposed  by  Committee  on  Standarduation  of  Gas  Appliance  Specifications 

3.  Methods  of  Testing.— All  physical  and  chemical  tests  shall  be  performed  ac- 
cording to  the  standard  procedure  in  use  at  the  Bureau  of  Standards,  described  in  the 
latest  edition  of  Circular  No.  38  of  the  Bureau. 

(6)  The  rubber  slip  end  shall  preferably  be  shaped  in  accordance  with  the  Fig.  4; 
but  any  other  shape  may  be  used  if  it  can  be  conclusively  shown  to  be  of  substan- 
tially equivalent  value. 

9.    ATTACHMENT   OF   SLIP   ENDS   OR  FITTINGS 

The  joint  between  the  slip  end  and  the  tubing  shall  be  so  tight  and  sUong  that  it 
wiU  withstand  the  tests  prescribed  for  the  tubing  itseU  in  the  following  particulars: 
Tensile  strength  (paragraph  4  (b);  twisting  (paragraph  4  (c);  and  tightness  (paragraph 
6  (a)  and  (b).) 
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INSPECTION    OF    GAS    AND 
GAS    METERS    DEPARTMENT 

City  Hall,  Newark,  N.  J. 
ELLSWORTH     FRANCISCO.    Inspector 

f  £fi  1  7  1919 
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h.u.dto  UBAMBERGEK  O  CO. 

by  the  Inspec'or  of  Gas  and  Gas  Meiers  of  the  City  of  Newark, 
with  his  approval  of  the  samples  of  gas  tubing  attached  to 
this  card. 


\i(iaUJrrrCCl.*^ 


TU^^JU&^;     Inspector. 


Fig.  j. — Merchant's  permit  card 


APPENDIX.— GAS-TUBING  INSPECTION  IN  NEWARK,  N.  J,, 
BY  ELLSWORTH  FRANCISCO  ' 

During  the  latter  part  of  December,  191 6,  two  young  men, 
residents  of  the  city  of  Newark,  were  asphyxiated  by  illuminating 
gas  that  escaped  from  a  piece  of  brown-paper  gas  tubing  connected 
to  a  portable  heater  in  their  bedroom.  Accidents  chargeable  to 
gas  tubing  had  happened  from  time  to  time  in  years  past  without 
causing  any  unusual  official  alarm,  but  this  particular  occurrence 
and  the  obvious  danger  of  such  flimsily  constructed  gas  tubing  so 
appealed  to  the  county  prosecutor  who  then  held  office  that  he 
demanded  some  immediate  action  by  the  city  of  Newark  to  protect 
the  public  against  this  cheap,  dangerous  kind  of  tubing,  with  the 
result  that  a  municipal  ordinance  prohibiting  the  sale  and  use 
of  other  than  approved  tubular  connections  for  illuminating-gas 
fixtures  and  appliances  became  effective  in  this  city  March  13, 
1917. 

This  ordinance  simply  provides,  "That  it  shall  be  unlawful  for 
any  person,  persons,  firm,  or  corporation  to  use,  sell,  expose,  or 
offer  for  sale,  to  install  or  affix,  in  the  city  of  Newark  any  tubular 
connections  or  fabric  intended  for  any  illuminating-gas  fixtiu-e, 
stove,  heater,  lamp,  or  other  gas  appliances,  unless  such  tube 
connection,  hose,  or  similar  device  shall  have  been  approved  by 
the  inspector  of  gas  and  gas  meters  of  the  city  of  Newark,"  and 
makes  it  the  duty  of  five  city  departments  to  cooperate  in  enforc- 
ing the  regulations  established  by  the  inspector  of  gas  and  gas 
meters. 

When  the  ordinance  was  under  consideration  it  seemed  impos- 
sible to  find  any  municipal  or  governmental  laws  that  would 
serve  as  a  guide  to  us,  therefore  it  was  thought  advisable  to  leave 
out  any  specific  mention  of  standards  so  that  the  ordinance 
might  be  flexible,  and  enable  us  to  establish  such  regulations  and 
standards  as  general  conditions  might  warrant  from  time  to  time, 
and  change  these  until  we  obtained  the  largest  measure  of  protec- 
tion to  our  citizens. 

1  The  following  report  of  the  work  done  by  the  city  of  Newark  in  order  to  regulate  the  quality  of  tubing 
sold  within  the  city  has  been  prepared  by  Mr.  Ellsworth  Francisco,  who  has  been  in  charge  of  and 
responsible  for  the  development  of  the  very  effective  inspection  service  in  that  city.  The  authors  wish 
to  acknowledge  Mr.  Francisco's  courtesy  in  the  preparation  of  this  section,  as  well  as  to  express  their 
appreciation  of  the  suggestions  which  he  offered  from  time  to  time  during  the  course  of  the  Bureau's  work. 

3S 


34  Technologic  Papers  of  the  Bureau  of  Standards 

General  publicity  was  given  the  ordinances  and  the  regulations 
thereunder  established,  through  newspaper  articles,  public  ex- 
hibits, and  demonstrations,  talks  to  public-school  classes,  and  the 
requirement  that  the  merchants  publicly  display  their  permit 
cards. 

In  order  to  put  some  immediate  regulations  into  effect  we  de- 
cided to  set  our  first  standards  merely  upon  a  more  or  less  common- 
sense  basis,  and  to  study  our  subject  as  we  went  along  with  the 
view  of  raising  our  standards  gradually  until  eventually  only  the 
best  tubing  would  be  permitted  to  be  offered  for  sale. 

Since  the  obvious  danger  from  tubing  made  chiefly  from  layers 
of  paper  first  attracted  out  attention,  this  with  its  several  variations 
was  unqualifiedly  disapproved.  Tubing  with  a  wall  of  gelatine 
compound  less  than  1/32  of  an  inch  thick,  common  rubber  and 
pure  gum  hose  (the  kinds  usually  used  for  syphoning  wine,  etc.) , 
and  rubber  made  for  use  as  gas  hose  without  an  outside  coating  of 
gelatine  compound  were  also  prohibited  from  sale.  Defective 
tubings  of  all  kinds  were  condemned,  and  uncovered  rubber 
tubing  made  similar  to  garden  hose  with  layers  of  canvas  incor- 
porated between  the  layers  of  rubber  was  approved  for  industrial 
purposes  only.  All  other  kinds  of  tubing  intended  to  convey 
gas  were  tentatively  approved  until  further  notice. 

1.  ENFORCEMENT  OF  ORDINANCE 

Our  first  step  in  enforcing  the  ordinance  was  to  take  from  the 
City  Directory  the  names  of  all  wholesale  and  retail  merchants 
whom  we  believed  would  be  apt  to  handle  gas  tubing,  and  send  to 
each  a  copy  of  the  ordinance  and  a  notice  stating  that  they  would 
be  required  to  submit  at  once  to  the  inspector  of  gas  and  gas 
meters  for  approval  a  sample  of  each  kind  of  tubing  that  they 
carried  in  stock  and  intended  hereafter  to  offer  for  sale  in  this  city. 

Prompt  response  was  obtained  from  about  50  per  cent  of  the 
notices  and  within  a  period  of  60  days  all  but  about  10  per  cent 
had  been  answered.  These  latter  cases  required  a  personal  visit 
from  an  inspector  and  he  found  that  only  two  or  three  of  these 
merchants  were  willfully  trj'ing  to  evade  the  provisions  of  the 
ordinance.  We  feel  verj'  much  gratified  with  this  prompt 
response. 

It  was  desired  to  have  the  merchants  come  to  us  for  the  first 
inspection  so  that  we  could  have  an  opportimity  to  fully  explain 
the  protective  purposes  of  the  ordinances  and  the  benefits  derived 
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therefrom  by  both  the  public  and  themselves.  Then,  again,  we 
were  able  to  get  the  merchants'  whole  attention  at  our  laboratory 
which  would  have  been  practically  impossible  at  their  place  of 
business.  Inspections  and  examinations  are  now  made  of  gas 
tubing  stocks  at  the  merchants'  place  of  business  by  a  regular 
inspector  who  is  employed  for  this  purpose. 

2.  PERMIT  TO  SELL  TUBING 

Every  merchant  who  desires  to  sell  gas  tubing,  whether  retail 
or  wholesale,  is  required  to  obtain  without  charge  from  our  bureau 
a  permit  issued  in  the  form  of  a  public  display  card,  such  as 
shown  in  Fig.  5.  This  card  bears,  along  with  the  printed  matter, 
the  merchant's  name  and  address,  an  identifying  number  and  the 
date  issued,  and  attached  to  the  lower  half  is  a  sample  of  each 
kind  of  approved  tubing  which  the  merchant  desires  to  sell.  No 
kind  of  gas  tubing  other  than  the  samples  approved  on  the.  permit 
card  can  be  carried  in  stock  or  offered  for  sale  at  any  time.  A  new 
card  is  issued  every  year. 

Each  merchant  makes  his  own  selection  of  the  kinds  of  approved 
tubing  that  he  desires  to  handle,  without  any  advice  or  criticism 
from  this  bureau,  except  that  we  endeavor  to  induce  each  dealer 
to  handle  at  least  one  of  the  better  types  of  tubing  if  his  original 
selection  does  not  include  any  of  these.  In  addition  to  our  desire 
to  induce  the  general  public  to  buy  the  better  types  of  gas  tubing 
we  are  trying  to  prepare  the  gas  tubing  users  for  the  time,  which 
we  hope  is  not  far  distant,  when  they  will  be  able  to  purchase  only 
the  best  types  of  gas  tubing  in  the  city  of  Newark. 

We  have  at  present  230  retail  merchants  and  2  wholesale  dealers 
selling  gas  tubing.  Fully  90  per  cent  of  these  merchants  now 
handle  uncovered  metal  tubing,  many  exclusively,  and  the  remain- 
ing ID  per  cent  handle  a  variety  including  the  better  types. 

3.  REGULATIONS  AND  TESTS 

It  was  intended  at  the  beginning  of  our  .work  to  immediately 
prohibit,  without  warning,  the  sale  of  the  paper  types  of  gas 
tubing,  but  it  was  found  that  this  rule  would  be  rather  unfair  to 
the  merchants  and  cause  them  a  financial  loss,  considerable  in 
some  cases,  therefore  three  months'  time  was  given  the  merchants 
starting  from  the  date  the  ordinance  became  effective  to  dispose 
of  their  stock  of  disapproved  tubing  in  anyway  possible. 

At  the  end  of  this  time  a  special  corps  of  inspectors  were  sent 
out  to  inspect  every  merchant's  stock  of  tubing  and  bring  in  for 
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reexamination  all  tubing  that  did  not  correspond  to  the  samples 
attached  to  their  permit  cards.  This  inspection  resulted  in  a  con- 
fiscation of  271  pieces  of  disapproved  tubing,  totaling  1032  feet. 
Some  of  the  confiscated  tubing  is  shown  in  Fig.  6.  The  entire 
premises  was  searched  and  disapproved  tubing  was  fotmd  under 
counters,  in  back  rooms,  and  on  the  regular  tubing  racks.  Since 
this  raid  only  a  few  lengths  have  been  brought  in  by  our  regular 
inspectors,  mostly  from  new  merchants  who  professed  to  have  no 
knowledge  of  oiu-  tubing  regulations. 

Since  Januan.'  i,  191S,  our  retail  merchants  have  been  abso- 
lutel}'  prohibited  from  having  in  stock  or  offering  for  sale  sepa- 
rately rubber  ends  for  gas  tubing  or  carrying  in  stock  any  quantity 
of  stock  of  gas  tubing  for  the  purpose  of  making  up  complete 
lengths  for  customers  at  the  time  of  sale.  This  makes  it  necessarA' 
for  retail  merchants  to  purchase  their  supply  of  tubing  in  com- 
plete lengths  with  rubber  end  pieces  attached  either  by  the  manu- 
facturer or  wholesaler. 

Approved  gas  hose  display  cards  must  at  all  times  bear  a  sample 
of  each  kind  or  t}-pe  of  gas  tubing  offered  for  sale  and  must  be 
publicly  displayed  near  the  merchant's  tubing  rack.  The  Munic- 
ipal Gas  Tubing  Bureau  approves  of  t}'pes  or  kinds  of  gas  tub- 
ing as  a  whole,  not  each  piece  or  length  offered  for  sale.  Each 
dealer  must  be  held  responsible  for  the  condition  of  the  tubing 
he  sells,  therefore  we  suggest  and  ask  that  each  retail  dealer 
make  the  following  tests  on  even,'  length  of  flexible  gas  tubing 
just  before  it  is  sold  to  the  customer. 

Strength  Test. — Take  a  firm  grip  on  each  end  of  the  piece  of 
tubing  and  pull  with  a  lengthwise  strain  on  the  tubing  equal  to 
that  exerted  by  lifting  a  75-pound  weight  from  the  floor,  if  the 
tubing  breaks  apart  or  the  rubber  ends  come  off  or  the  tubing 
leaks  in  the  last  test,  reject  it. 

Rubber  End  Test. — Grip  botli  rubber  ends  in  turn,  between 
thiunb  and  fingers  where  they  are  fastened  to  the  tubing  and 
give  the  rubber  end  a  fairly  hard  twist;  if  the  ends  become  loos- 
ened or  leak  in  the  next  test,  reject  the  tubing. 

Leak  Test. — Make  the  final  test  for  leaks  in  the  same  manner 
as  that  now  made  by  you,  and  reject  all  tubing  that  will  not 
stand  these  tests. 

Defects. — Examine  the  rubber  ends  and  the  tubing  for  other 
defects  than  those  specified.  Never  sell  a  defective  or  leaky 
piece  of  gas  tubing  to  a  customer,  it  might  be  the  means  of  cans- 
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Fig.  6. — Quantity  of  disapproved  gas  tubing  confiscated  by  the  city  of  Newark,  N.  J, 
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ing  asphyxiation,  fire,  or  other  serious  damage  from  the  gas  that 
leaks  from  the  tubing. 

The  governing  officials  and  the  inspector  of  gas  and  gas  meters 
desires  to  take  this  opportunity  to  acknowledge  with  our  many 
sincere  thanks  the  invaluable  aid  given  by  the  Federal  Bureau  of 
Standards  through  their  kindness  in  permitting  us  to  study  the 
information  contained  in  their  report  on  Flexible  Gas  Tubing 
Tests  before  it  had  been  made  public,  and  to  Mr.  R.  S.  McBride, 
engineer  chemist,  of  the  Federal  Bureau  of  Standards  for  his 
imtiring  personal  interest  and  good  advice. 

4.  AN  ORDINANCE  PROHIBITING  THE  SALE  AND  USE  OF  OTHER  THAN 
APPROVED  TUBULAR  CONNECTIONS  FOR  ILLUMINATING  GAS  FIX- 
TURES AND  APPLIANCES 

Be  if  ordained  by  the  common  coimcil  of  the  city  of  Newark,  as  follows: 

Section  i. — That  it  shall  be  unlawful  for  any  person,  persons,  firm,  or  corporation, 
to  use,  sell,  expose  or  offerfor  sale,  to  install  or  affix,  in  the  city  of  Newark,  any  tubular 
connection  or  fabric  intended  for  any  illuminating  gas  fixture,  stove,  heater,  or  lamp, 
or  other  gas  appliances,  unless  such  tube  connection,  hose,  or  similar  device  shall 
have  been  approved  by  the  inspector  of  gas  and  gas  meters  of  the  city  of  Newark. 

Sec.  2.  It  shall  be  the  duty  of  the  Board  of  Health  of  the  city  of  Newark,  its  offi- 
cers and  employees,  the  superintendent  of  buildings,  the  assistant  superintendents 
of  buildings,  the  police  officers  of  the  city  of  Newark,  the  Bureau  of  Combustibles 
and  Fire  Risks,  and  the  said  inspector  of  gas  and  gas  meters  of  the  city  of  Newark  to 
enforce  the  provisions  of  this  ordinance. 

Sec.  3.  Any  person,  firm,  or  corporation  which  shall  be  convicted  of  a  violation 
of  this  ordinance  shall  forfeit  and  pay  a  penalty  of  twenty  dollars  (S20)  for  each 
oSense. 

Sec.  4.  All  ordinances  and  parts  of  ordinances  inconsistent  with  the  provision  of 
this  ordinance  be,  and  the  same  are  hereby,  repealed. 

Sec.  5.  This  ordinance  shall  take  effect  immediately. 

Adopted  March  3,  191 7. 

Washington,  March  25,  1919. 
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DEPARTMENT    OF   COMMERCE 
BUREAU  OF  STANDARDS 

S.  W.  STRATTON,  Director 
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EXPERIMENTAL-RETORT  TESTS  OF  ORIENT  COAL 


By  R.  S.  McBride,  Elngineer  Chemist,  and  I.  V.  Brumbaugh,  Assistant  Gas 

Elngineer 


The  Bureau  of  Standards,  in  connection  with  two  special  coke- 
oven  tests,  found  it  desirable  to  investigate  the  influence  of  the 
temperatiure  of  coking  upon  the  quality  of  the  coke  produced  and 
upon  the  quantity  and  quality  of  gas  made  from  the  coal.  Although 
several  very  similar  coals  were  used  in  the  oven  tests,  the  experi- 
mental retort  work  was  limited  to  coal  obtained  from  the  Orient 
mine  of  the  Chicago,  Wilmington  &  Franklin  Coal  Co.,  located  at 
Orient  in  the  south-central  part  of  FrankUn  County,  111.  The  data 
obtained  from  the  coking  tests  with  this  coal  at  various  tempera- 
tures are  of  such  general  interest  that  they  are  presented  separately 
in  this  publication.  In  a  separate  technologic  paper  the  Bureau  is 
pubUshing  an  account  of  the  operating  test  of  the  Koppers  coke 
ovens  when  using  straight  Orient  coal,  which  test  was  made  at 
the  plant  of  the  Minnesota  By-Product  Coke  Co.,  St.  Paul,  Minn. 

This  publication  comprises  a  series  of  five  experimental-retort 
tests  made  at  various  temperatures.  The  coking  was  done  in  a 
cylindrical  retort  of  cast  iron,  set  up  as  shown  in  Fig.  i.  This 
apparatus  was  made  available  to  the  Bureau  through  the  courtesy 
of  the  Bethlehem  Steel  Co.,  Sparrows  Point,  Md.,  who  have  used 
this  equipment  regularly  for  trying  out  coals  or  mixtiu-es  of  coals 
intended  for  its  by-product  coke  ovens.  In  this  work  the  Bureau 
was  fortunate  in  securing  the  advice  of  experienced  technical 
men  of  this  company  who  are  regularly  doing  the  experimental 
testing  work.    Special  thanks  for  their  counsel  and  assistance  are 

118167°— 19 


2  Technologic  Papers  of  the  Bureau  of  Standards 

due  to  Edwin  Bamhart,  engineer  of  tests,  who  developed  the 
retort,  and  D.  H.  Duvall,  assistant  chemist,  who  has  conducted 
the  retort  tests. 

Data  of  a  few  similar  retort  tests  on  a  variety  of  other  coals 
which  have  been  tested  at  this  plant  are  presented  for  the  sake  of 
comparison. 

Apparatus  and  Method  Used. — The  cylindrical  retort,  shown  in 
Fig.  I,  was  inclosed  in  a  refractor^'  brick  setting  approximately 
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Fig.  I. — Experimental  retort 

Arranged  for  heating  by  bunsen  burner,  using  coal  gas.  Inside  dimensions  of  retort,  gj^  inches  diameter, 
24  inches  long;  metal  i  inch  thick.  Inside  dimensions  of  coal  box.  9M  inches  long.  45^  inches  wide,  5  inches 
deep;  metal  K  inch  thick.  Space  between  outside  of  retort  and  masonry,  2Kinche5.  Location  of  thermo- 
couples, Ti,  5^  inches  from  rear  and  2  inches  from  top  of  retort;  Ts  14  inches  from  rear  and  4  inches  from  top 
of  retort. 

3  feet  in  each  dimension.  It  was  heated  by  a  large  bunsen-type 
burner,  using  coke-oven  gas.  The  sample  of  coal  to  be  tested  was 
pulverized  and  dried  thoroughly,  generally  by  allowing  it  to 
remain  overnight  in  an  oven  at  approximately  ioo°  C,  before 
introduction  into  the  small  cast-iron  box  used  to  hold  the  charge. 
The  retort  was  heated  up  to  a  temperature  from  60°  to  100°  C 
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above  the  temperature  desired  for  the  test  in  order  to  allow  for  the 
unavoidable  rapid  cooling  that  takes  place  when  the  lid  of  the 
retort  is  opened  for  introduction  of  the  charge.  Immediately 
after  each  charge  was  placed  in  the  retort  an  oil-soaked  rag  was 
thrown  in.  This  rag  quickly  took  fire  and  exhausted  the  oxygen 
in  the  retort  space,  thus  eUminating  the  possibility  of  an  explosion 
as  the  gases  from  the  coal  were  generated. 

The  temperatiire  of  the  retort  was  maintained  at  the  desired 
point  according  to  the  indications  of  thermocouple  Tj ,  the  location 
of  which  is  clearly  shown  in  Fig.  i.  Thermocouple  Tj  furnished 
auxiliary  temperature  readings,  but  these  were  not  used  as  the 
basis  for  temperature  control.  After  introduction  of  the  charge 
the  lid  was  quickly  closed  and  mudded  up  to  prevent  gas  leakage. 
The  gas  driven  off  from  the  coal  was  discharged  from  the  retort 
through  the  outlet  pipe  shown  in  the  figure.  As  soon  as  the  gas 
from  the  coal  began  to  appear  at  a  purge  cock  in  this  line,  this 
purge  cock  was  closed  and  the  gas  allowed  to  flow  into  a  small 
storage  holder  in  which  the  entire  volume  generated  from  the 
charge  was  collected.  During  the  test  period  record  was  taken 
at  intervals  of  five  minutes,  showing  temperatures  of  T^  and  T2,  the 
volume  of  the  gas  collected  in  the  holder,  and  the  temperatiu-e  of 
this  gas.  When  the  charge  ceased  gassing  the  coke  was  removed 
and  quenched,  and  a  record  was  made  of  the  barometric  pressiure 
and  of  the  temperature  and  volume  of  the  gas  in  the  holder. 

TABLE  1. — Analysis  of  Coal  as  Used  in  Experimental-Retort  Tests  (Dry  Basis) 


Volatile  matter per  cent 

Filed  caibon do . . 

Ash do-. 

Sulphur do . . 

Phosphorus do . . 

Total  carbon do. . 

Hydrogen do. . 

Oiygen do. . 

Ratio:  hydrogen-oxygen do. . 

Btu  per  pound  (dry) 

Btu  per  pound  (dry  and  ash-free) 


After  quenching,  the  coke  was  examined  thoroughly,  a  descrip- 
tion recorded,  and  an  average  sample  prepared  for  analysis.  The 
gas  collected  in  the  storage  holder  was  analyzed,  the  candlepower 


4  Technologic  Papers  of  the  Bureau  of  Standards 

and  specific  gravity  determined,  and  the  heating  value  calculated 
from  the  analysis.  From  these  data  were  calculated  the  Btu  in 
the  gas  per  pound  of  coal  carbonized,  the  cubic  feet  of  gas  per 
pound  of  coal,  and  the  candle-feet  per  pound. 

Coal  Used. — The  coal  used  for  four  of  these  tests  was  that 
remaining  from  the  sample  taken  at  St.  Paul,  Minn.,  when  the 
Bureau  tested  the  coke  plant  of  the  Minnesota  By-Product  Coke 
Co.,  using  Orient,  III,  coal.  For  the  fifth  test  there  was  another 
smaller  sample  remaining  from  another  shipment  of  Orient  coal 
used  by  the  Bureau  in  a  separate  coke-oven  test  at  Dover,  Ohio. 
Table  i  gives  the  analyses  of  these  coal  samples  as  used  in  the 
retort  tests.  These  analyses  agree  very  closely  with  those  of  the 
carefully  prepared  samples  analyzed  by  the  Bureau  of  Mines  in 
connection  with  the  plant  tests  mentioned  above.  The  results  of 
these  tests,  therefore,  can  be  regarded  as  typical  of  the  results  for 
the  larger  shipment.  Table  2  shows  the  size  of  the  coal  as  crushed 
for  the  retort  test. 

TABLE  2. — Sizes  of  Crushed  Coal  as  Used  in  Experimental-Retcrt  Test 


Mesh 

Percentage 

through 

sieve 

8 

99.7 

10 

89.5 

20 

50.8 

30 

36.7 

40 

30.3 

60 

19.3 

80 

13.3 

100 

11.0 

Results  Obtained. — The  results  of  the  five  retort  tests  are  given 
m  Table  3.  In  considering  these  data  it  must  be  borne  in  mind 
that  only  a  very  limited  number  of  tests  could  be  made  because 
of  the  small  samples  and  the  short  time  available  for  the  work. 
One  should  be  very  careful,  therefore,  not  to  try  to  draw  too  many 
conclusions  from  these  results. 

Test  No.  I  was  made  as  nearly  as  possible  to  duplicate  the  usual 
temperature  conditions  of  testing  followed  by  the  Bethlehem 
Steel  Co.,  so  that  a  basis  for  comparison  of  this  coal  with  others 
would  be  available.  In  this  particular  test  tlie  gas  for  heating 
the  retort  was  cut  off  completely  40  minutes  after  the  introduction 
of  the  charge.  The  data  from  this  test  are  the  only  ones  which 
can  be  compared  with  the  results  given  in  Table  4  for  other  coals. 
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The  coke  from  this  sample  was  fairly  good,  and  the  charge  was 
thoroughly  coked,  showing  considerable  contraction  in  the  sample 
box.  The  pieces  were  of  medium  size  with  no  evidence  of  sponge 
and  onty  a  small  amount  of  fine  pebbly  material  on  top  of  the  coke. 
The  coke  had  very  small  and  regular  cell  structure,  but  was 
soft,  shattering  rather  easily,  having  a  longitudinal  fracture  and 
showing  a  tendency  to  finger.  It  was  light  in  weight  and  of  a 
dark  silver  color. 

TABLE  3.— Experimental-Retort  Tests  of  Orient  Coal 


Test 
No.  1 


Test 
No.  2 


Test 
No.  4 


Test 
No.  3 


Test 
No.  £ 


Temperature  average  Ti  ("  C) 

Weight  of  dry  coa!  (pounds) 

Gas  generated  (cubic  feet  at  30  inclies  60"  F). 

Gas  per  pound  of  dry  coal  (cubic  feet) 

Gas  per  net  ton  of  dry  coal  (cubic  feet) 

Candlepower  of  gas 

Candle-feet  of  gas  per  pound  of  dry  coal 

Specific  gravity  of  gas 

Analysis  of  gas: 

CO. 

o, 

Illuminants 

CO 

CH( 

H. 

Nj 

Heating  value,  calculated  from  analysis  (Btu) 
Btu  in  gas  per  pound  of  dry  coal 

£oke  formed: 

Large  (pounds),  dry..f 

Loose  material  (pounds),  dry 

Total  (pounds),  dry 

Coke  yield: 

Large  ( per  cent  of  dry  coal) 

Loose  material  (per  cent  of  dry  coal) 

Total  (per  cent  of  dry  coal) 

Coke  analysis  (dry  basis); 

Volatile 

Fixed  carbon 

Ash 

Sulphur 

Phosphorus 


840 
4.48 
26.3 
5.87 
11  750 
5.4 
31.7 
.465 

4.7 

1.0 

2.2 

17.3 

25.1 

46.3 

3.4 

510 

3000 


2.99 
.04 


67.0 
I.O 


5.3 
80.2 
14.5 

.78 
.014 


775 
4.00 
18.5 
4.62 
9250 
10.0 
46.2 
.510 

5.1 

1.3 

3.1 

13.6 

30.6 

44.7 

1.6 

570 

2630 


2.66 
.06 


66.5 
1.5 


7.1 
79.1 
13.8 

.78 
.014 


700 
4.00 
13.6 
3.40 
6800 
12.2 
41.5 
.625 

8.2 

1.0 

3.8 

11.3 

36.6 

33.6 

5.5 

600 

2040 


2.79 
.17 


70.0 
4.0 


7.1 


600 
4.00 

8.5 
2.12 
4250 
15.7 
33.3 
.660 


5.0 
8.1 
37.1 
30.3 
11.5 
610 
1300 


2.72 
.21 


68.0 
5.0 


605 
3.20 

7.8 
2.44 
4850 
15.9 
38.8 
.655 

S.2 
1.6 
5.2 
8.3 
39.5 
26.0 
11.2 
625 
1520 


2.19 
.19 


68.5 
6.0 


14.0 
74.2 
11.8 
1.23 

.004 


Test  No.  2  was  made  at  as  nearly  as  possible  constant  vapor 
temperature,  Ti,  of  775°  C.  This  was  approximately  the  average 
temperature  of  the  vapor  above  the  coal  as  recorded  in  the  test 
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of  the  coke  plant  of  the  I^Iinnesota  By-Product  Coke  Co.,  St.  Paul, 
Minn.,  when  the  coking  time  was  approximately  19  hours,  but 
it  is  probable  that  for  the  same  temperature  of  retort  as  of  oven 
the  vapor  temperature  in  the  retort  would  be  higher  than  the 
corresponding  vapor  temperature  in  the  oven.  The  coke  results 
obtained  in  tliis  case  should  probably,  therefore,  be  more  nearly 
comparable  with  the  results  of  special  oven  tests  made  at  St. 
Paul  when  the  coking  time  was  approximately  25  hours.  The 
coke  from  this  test  was  fair,  contracted  in  the  box,  and  broke  up 
into  large  pieces  with  no  sponge  and  only  a  small  amount  of  fine 
material  for  about  one-eighth  inch  on  the  upper  siuiface  of  the 
mass.  It  had  small  and  slightly  irregular  cell  structure;  but  as  a 
whole  the  coke  was  clean,  soft,  and  somewhat  tougher  than  in 
test  No.  I,  with  longitudinal  fracture  but  no  cross  fracture.  It 
was  slightly  hea^^er  than  the  material  from  test  No.  i  and  of 
dark  color. 

Test  No.  3  was  made  with  the  idea  of  obtaining  results  at  a 
somewhat  lower  vapor  temperature  above  the  coal  than  the  average 
prevailing  in  the  St.  Paul  test,  but  higher  than  noted  in  the  other 
tests  made  by  the  Biu-eau  at  Dover,  Ohio,  where  the  vapor  tem- 
perature above  the  coal  averaged  about  550°  C.  It  was  attempted 
to  maintain  an  average  throughout  for  Tj  of  600°  C,  and  the 
results  correspond  very  closely  to  this  temperature.  Judged  by 
the  results  of  tliis  test,  the  coal  would  normally  be  characterized 
as  only  semicoking  at  this  temperature,  for  the  coke  was  very 
poor.  There  was  some  contraction  in  the  box  and  no  sponge 
formed,  but  there  was  a  very  large  amount  of  loose  material,  that 
appeared  almost  uncoked,  on  top  of  the  larger  pieces  of  coke. 
The  cell  structure  ^vas  small  and  very  irregular.  Because  there 
was  a  very  poor  cementing  action,  even  the  large  pieces  were  soft 
and  easily  broken  in  the  hand.  The  material  was  fairly  heavy  with 
decided  longitudinal  fracture  and  no  marked  cross  fracture.  The 
color  was  very  dark. 

In  view  of  the  very  poor  results,  judged  by  the  character  of 
tlie  coke,  obtained  in  test  No.  3,  it  was  decided  to  conduct  test 
No.  4  at  a  somewhat  higher  temperature.  The  effort  was  to 
maintain  Ti  constant  at  700°  C  tluroughout  this  test.  Even  at 
this  temperature  the  coal  would  be  characterized  as  semicoking, 
although  the  coke  was  superior  to  that  in  test  No.  3.  It  showed 
contraction  in  the  sample  box,  large  pieces,  and  no  sponge;  but 
there  was  a  large  amount  of  loose  and  apparently  uncoked  material 
on  top  of  the  coke.     The  small  and  somewhat  irregular  cell  struc- 
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ture,  with  soft  friable  material  resulting  from  a  poor  bond,  corre- 
sponds to  what  would  be  expected  from  the  results  of  previous 
tests.  The  material  was  fairly  heavy  with  typical  longitudinal 
fracture  and  no  cross  fracture,  indicating  that  at  this  temperature 
there  was  a  decided  tendency  to  secure  blocky  coke  rather  than 
that  of  a  fingery  shape.  As  in  the  previous  test,  the  material  was 
very  dark  in  color. 

Test  No.  5  was  nm  with  a  small  sample  of  coal  remaining  from 
the  Dover  test,  in  an  effort  to  duplicate  the  conditions  of  test  No. 


Gas  per  tiat  Ton  of  Dry  Coal 
' 6poo  6poo  10,000 


IZpaoCuFr. 


Z  S  ^  S  eCu.Ft 

Gas  p*r  Pound  of  Dry  Coal 

Fig.  2. — Relation  of  gas  yield  to  vapor  temperature 

3 — namely,  an  average  for  T^  of  600°  C.  Although  this  coal  came 
from  an  entirely  different  shipment  from  .that  used  at  St.  Paul, 
the  results  were  almost  exactly  the  same  as  from  the  test  No.  3 
made  at  the  same  temperature. 

Influence  of  Temperature  Upon  Gas  Yield. — By  comparison  of 
the  results  for  the  five  tests,  the  very  large  influence  of  temperature 
of  coking  upon  the  quantity  and  quality  of  gas  is  evident.  In  Fig. 
2  is  shown  graphically  the  change  in  quantity  of  gas  per  pound  of 
coal  carbonized  with  changing  temperature.  In  this  connection 
it  should  be  noted  that  the  higher  temperature  results  represent 
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not  oriiv  a  more  complete  elimination  of  the  volatile  material  from 
the  coal,  but  also  a  decomposition  of  the  hea\'ier  volatile  material 
into  gaseous  constituents.  Naturally,  as  the  vapors  leaving  the 
coal  are  subjected  to  tliis  greater  decomposition  at  higher  tempera- 
ture the  average  heating  value  of  the  gas  is  diminished.  This 
diminution  of  heating  value  per  cubic  foot  is,  however,  by  no  means 
enough  to  offset  the  e'ffect  of  the  larger  volume,  as  is  shown  by 
the  fact  that  the  Btu  in  the  gas  per  pound  of  coal  carbonized  at 
840°  is  almost  double  that  at  600°. 

Fig.   3  shows  the  influence  of  temperature  upon  the  rate  at 
which  the  gas  is  generated  and,  of  course,  also  the  influence  of 


O  40  80  ISO  ISO  ZOO  240  m in. 

Ttme  from  Introdvc-f-lon  of  Ckar^  Into  Retort 

Fig.  3. — Gas  generated  in  experimental  tests 

temperature  upon  the  time  required  for  complete  gasification  of 
the  charge. 

Influence  of  Temperature  Upon  Character  of  Coke  Produced. — As 
would  be  expected,  the  amount  of  volatile  matter  left  in  the  coke 
decreases  as  the  temperature  of  coking  increases;  and  correspond- 
ingly with  more  volatile  matter  in  the  coke  the  yield  of  coke  is 
higher.  However,  at  the  lower  temperature  the  percentage  of 
fine  material  is  much  greater  and  the  quality  of  coke  very  much 
inferior.  In  this  connection,  however,  it  should  be  noted  that  in 
none  of  the  coking  tests  was  it  practicable  to  secure  temperatures 
as  high  as  are  frequently  used  in  oven  practice  with  coals  that  are 
regarded  as  specially  suited  to  the  production  of  metallurgical 
coke.     If  such  higher  temperatures  had  been  used  another  influ- 
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ence  noted  in  connection  with  the  St.  Paul  test  would  probably 
have  appeared,  namely,  that  at  the  high  temperatures  there  is 
great  tendency  for  the  coke  to  be  brittle,  fingery,  and  small,  instead 
of  fairly  tough  and  blocky. 

TABLE  4.— Esperimental-Retort  Tests  of  Other  Coals 

[Data  furnished  to  Bureau  by  the  Bethlehem  Steel  Co.     All   tests  with   4.48  pounds  at  approximate 

Ti  average  of  850"  CJ 


Coal  analysis: 

Volatile 

Fixed  carbon 

Ash 

Total  carbon 

Hydrogen 

Oxygen 

Ratio:  Hydrogen -oxygen 

Gas  per  pound  oi  coal  (cubic  feet) .  . . . 

Gas  per  net  ten  of  coal  (cubic  feet) 

Candlepower  of  gas 

Candle-feet  of  gas  per  pound 

Specific  gravity  of  gas 

Analysis  of  gas: 

CDs 

Oj 

IHuminants 

CO 

CH< 

Ha ^ 

Nj 

Heating  value  calculated  from  analysis 

(Btul 

Btu  in  gas  per  pound  of  coal 

Coke  obtained  indicates 

Shatter  test  of  coke  (per  cent) 


40  per 
cent 
Wash- 
ington 
60  per 
cent 
Que- 
mahon 
Ing 


25.42 
66.58 

8.00 
79.63 

4.72 

6.35 
74.33 

4.50 
9000 

8.0 
36.0 
.400 

3.1 
.9 

2.5 
10.4  . 
29.3 
52.8 

1.0 

557 

2510 

Extra 

good 

coal  1 

80 


50  per 
cent 
Gauley 
50  per 
cent 
Poca- 
hontas 
coal 


28.85 
63.98 

7.17 
79.69 

4.85 

7.05 
68.79 

4.55 
9100 

6.2 
28.2 
.476 

4.5 
.5 

2.0 
12.6 
31.5 
46.8 

2.1 

556 

2530 

Good 

coal « 


Wash- 
ing 
ton 
coal 


33.02 
58.51 

8.47 
77.78 

5.05 

7.40 
68.24 

5.10 
10  200 

8.5 
43.3 
.440 

4.1 
.7 

2.6 
U.7 
30.8 
47.5 

2.6 

561 

2860 

Fair 

coalo 


Que- 

mahon- 

ing 

coal 


17.23 

75.45 

7.32 

83.15 

4.48 

3.75 

119.46 

4.50 

9000 

3.7 

16.7 

.424 


1.6 

9.9 
27.0 
57.0 

1.4 

526 

2370 

Good 

coal 


Mor- 
rell, 
Fayette 
Coun- 
ty, Pa., 
coal 


31.20 
57.80 
11.00 
72.26 

4.30 
11.01 
39.05 

5.17 
10  340 

1.2 

6.2 
.450 

5.6 
.6 

1.4 
15.6 
21.5 
51.1 

4.2 

465 
2410 
Semi- 
coking 
coat 


Log-^n 

County, 

W.Va., 

coal 


26.08 
45.95 
27.97 
59.77 
3.82 
7.14 
53.50 
3.49 

6980 
10.6 
37.0 
.466 

4.4 
.6 

3.1 

8.6 
35.0 
46.1 

2.2 

600 

2090 

Semi- 


Mount 
Pleas- 
ant, 
Fayette 
Coun- 
ty, Pa., 
coal 


31.55 
59.86 

8.59 
72.45 

4.41 
13.25 
33.27 

5.02 
10  040 

2.6 
13.1 
.495 

8.0 
.4 

1.9 
15.5 
24.0 
48.4 

1.8 

492 

2470 

Non- 


coking    coking 
coal        coal 


Tip 
Top, 

Fayette 
Coun- 
ty, Pa., 
coal 


30.63 
59.07 
10.30 
70.71 

4.16 
13.63 
30.52 

4.08 
8160 

2.3 

9.4 
.551 

10.8 
.7 

1.6 
14.6 
26.5 
42.7 

3.1 

490 
2000 
Non- 
coking 
coal 


a  These  results  refer  to  coke  from  full-size  oven  tests. 

As  pointed  out  above,  great  care  should  be  exercised  in  drawing 
conclusions  from  these  few  tests.  However,  these  few  conclu- 
sions are  strong  confirmation  of  the  results  of  the  special  oven 
tests  made  at  St.  Paul  and  are  therefore  a  very^  valuable  bit  of 
supplementary  data,  which  it  is  hoped  will  be  of  interest  to  the 
by-product  coke-oven  operators  in  general,  but  most  especially 
to  the  operators  who  use  midcontinent  coals. 
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Similar  Results  on  Other  Coals.— For  sake  of  comparison  there 
are  included  in  Table  4  data  for  other  coals  similar  to  the  data 
given  in  Table  3  for  the  Bureau's  tests  of  Orient  coal.  A  general 
comparison  of  these  data  is  interesting,  but  no  detailed  conclusions 
should  be  drawn  as  comparison  of  such  single  tests  is  apt  to  be 
misleading. 

Washington,  April  2,  191 9. 
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BEHAVIOR  OF  WROUGHT  MANGANESE  BRONZE 
EXPOSED  TO  CORROSION  WHILE  UNDER  TENSILE 
STRESS 


By  P.  D.  Merica,  Physicist,  and  R.  W.  Woodward,  Associate  Physicist 


I.  INTRODUCTION 

In  the  course  of  a  previous  investigation  by  the  authors '  of  a 
series  of  failures  by  fracttmng  of  brass  and  bronze  bolts  it  was 
suspected  that  many  cases  of  such  failure  were  due  not  to  defec- 
tive material  but  to  the  fact  that  the  bolts  had  been  overstressed 
in  service.  Careful  examination  of  these  bolts  revealed  a  normal 
and  sound  structure  and  satisfactory  mechanical  properties;  the 
bolts  were  comparatively  free  from  initial  stresses  which  would 
have  caused  corrosion  cracking.  No  other  cause  of  failure  could 
be  well  assigned  other  than  that  they  had  actually  been  over- 
stressed  in  tightening  up. 

The  question  was  thus  raised,  What  service  stresses  may  with 
safety  be  applied  to  physically  normal  wrought  brass  and  bronze 
of  the  types  ordinarily  used  for  structural  purposes?  The  failed 
bolts  in  question  had  probably  not  been  stressed  above  from 
1 5  coo  to  2o  ooo  pounds  per  square  inch ;  their  tensile  strength 
was  about  6o  ooo,  their  yield  point  about  30  000  pounds  per 
square  inch.  The  service  stresses  were  thus  presumably  not  above 
the  yield  point. 

■  p.  D.  Merica  and  R.  W.  Woodward,  Failure  of  Brass,  Technologic  Paper  No.  82  of  the  Bureau  of 

Standards:  1917. 
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Jonson  ,^  in  a  most  interesting  investigation,  showed  that 
brass  rods  exposed  to  the  action  of  concentrated  ammonium 
hydroxide  and  subjected  at  the  same  time  to  the  very  gradual 
application  of  tensile  stress  would  break  with  Uttle  elongation  at 
any  values  of  the  stress  greater  than  the  yield  point  of  the  ma- 
terial.    Fracture  occurred  within  from  6  to  20  days. 

The  effect  of  combined  tensile  stress  and  surface  corrosion  is 
to  diminish,  apparently,  the  stress  at  which  fracture  will  occur. 

The  corrosive  action  of  this  solution  is  very  severe,  and  yet 
many,  including  the  authors,  believed  that  its  action  under  these 
conditions  was  not  different  in  principle,  but  only  more  rapid, 
than  that  of  water  or  moist  air  in  which  brass  or  bronze  bolts 
might  actually  be  placed  in  service.  It  was  believed  that  Jon- 
son's  work  demonstrated  that  wrought  brass  or  bronze  could  be 
used  only  for  very  low  stresses  and  with  high  factors  of  safety 
whenever  corrosion  was  to  be  expected.  In  view  of  the  fact 
that  these  materials  would  supplant  steel  usually  only  because 
of  their  superior  resistance  to  corrosion,  the  verdict  of  the  work 
seemed  to  limit  very  largely  the  usefulness  of  brass  and  bronze, 
for  structural  purposes  at  least,  until  more  reassuring  information 
concerning  their  behavior  in  ser\'ice  might  be  obtained. 

The  authors  have,  therefore,  undertaken  to  discover  whether 
corrosion  by  water  and  moist  air  will  produce  the  same  effect  in 
combination  mth  the  simultaneous  application  of  tensile  stress 
as  that  by  ammonium  hydroxide.  Bars  of  wTought  manganese 
bronze  were  exposed  to  corrosion  in  water  and  moist  air  while 
at  the  same  time  under  tensile  stresses  of  different  values.  Al- 
though the  period  of  exposure  has  been  to  date  only  two  years, 
it  is  thought  that  a  report  of  the  beha\'ior  of  these  bars  during 
that  relatively  short  period  will  be  of  interest  to  those  using  and 
manufacturing  this  material. 

Since  much  longer  periods  than  the  few  days  of  Jonson's  tests 
were  contemplated,  small  test  frames  were  used  for  these  tests 
rather  than  standard  tensile-testing  machines  for  the  application 
of  tensile  stress  to  the  specimens.  Twelve  such  frames  were  made, 
in  each  of  which  a  brass-bar  specimen  could  be  placed  in  tension 
of  any  required  amount  and  the  value  of  the  stress  measured  by 
strain  gage  measurements  on  a  steel  reference  bar  placed  "in 
series"  with  the  brass-test  specimen;  that  is,  such  that  the  same 
total  load  was  borne  by  the  steel  reference  bar  as  by  the  brass-test 
bar. 

*E.  Jonson,  The  Fatigue  of  Copper  Alloys,  Proc.  Am.  Soc.  for  Testing  Materials,  40.  p.  loi;  191 5. 
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A  sketch  of  the  frame  used  is  shown  in  Fig.  i . 

Each  of  the  frames  consists  of  two  blocks  of  steel,  a  a,  which  can 
be  braced  apart  by  the  two  rods  b  b,  of  which  one  end  is  secured 
by  pins  d  d  against  rotation,  while  the  others  fit  in  the  bored 
holes,  e  e.  The  brass  specimens,  as  well  as  the  steel  reference 
bars',  are  threaded  at  the  ends  and  secured  by  nuts,  c  c,  at  the 
ends  and  by  the  coupUng  nut  i  at  the  center.  A  ball  and  socket 
joint  is  provided  at// to  secure  axial  loading.  The  center  mem- 
ber of  these  frames  consisting  of  the  steel  reference  bar  and  the 
brass  test  bar  can  be  placed  under  a  tensile  load  of  any  desired 
value  by  the  adjustment  of  the  nuts  g  g  against  the  block  a. 

The  test  specimens  were  cut  from  }i  inch  round  bars;  they  were 
11^2  inches  long  and  0.50  inch  in  diameter  and  had  standard 
Ji'-inch  threaded  ends.     The  steel  reference  bars  for  the  exten- 


someter  measurements  were  also   1 1  %  inches  long,  were  of  two 
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Fig.  I. — Frame  rued  in,  the  stress-corrosion  tests 

diameters,  0.420  and  0.350  inch,  and  had  also  standard  ^-inch 
threaded  ends. 

An  alloy-steel  rod  kindly  furnished  by  the  Midvale  Steel  Co. 
was  used  for  the  preparation  of  the  steel  reference  bars.  This 
was  heat  treated  to  produce  a  high  elastic  limit,  and  the  section 
of  the  rod  was  so  chosen  as  to  allow  of  the  utilization  of  the  full 
elasticity  of  the  rod  in  each  individual  measurement  of  stress. 


II.  MATERIALS  USED  FOR  TEST 

In  this  first  series  of  tests  only  one  type  of  brass  was  used; 
that  is,  manganese  bronze.  The  American  Brass  Co.  very  kindly 
fiuTiished  |<f-inch  round  rods  of  this  material  in  three  tempers  or 
degrees  of  hardness,  Nos.  M237,  M238,  and  M239,  as  well  as  the 
results  of  chemical  analyses  and  of  mechanical  tests  of  the  rods. 
These  data  are  given  in  Table  i. 
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TABLE  1. — Chemical  Analysis  and  Mechanical  Properties  of  the  Three  Samples  of 
Wrought  Manganese  Bronze  Used  in  the  Tests" 


Chemical  composition: 

Copper per  cent . 

Zinc  ' do. . . 

Tin do... 

Lead do... 

Iron do... 

Manganese do. . . 

Mechanical  properties: 

Tensile  strength pounds  per  square  inch. 

Yield  point do . . . 

Elongation  in  2  inches percent. 

Reduction  of  area do... 

Brinell  hardness  ^ 

Scleroscope  hardness  c 


Rods  No. 
M237 


56.64 
40.94 
1.26 
.12 
.85 
.19 

84  700 
44  050 

29 

25 
117 

36 


Rods  No. 
M238 


56.87 
41.07 
1.20 
.08 
.68 
.10 

89  050 
59  550 

22 

19 
137 

43 


Rods  No. 

M239 


56.60 

41.01 

1.18 

.11 

.91 

.19 

101  650 
73  350 

14 

10 
158 

49 


a  These  values  were  furnished  by  the  American  Brass  Co. 

fc  By  difierence. 

c  Talcen  at  the  center  of  the  section  of  the  rod. 

These  rods  as  fiumished  were  in  a  condition  of  more  or  less 
initial  stress,  and,  as  it  was  not  desired  to  have  the  interpretation 
of  the  results  of  these  tests  complicated  by  their  presence,  the  rods 
w^ere  annealed  between  285  and  315°  C  in  a  salt  bath  for  five 
hoiu-s  and  slowly  cooled.  This  temperature,  it  has  been  shown,* 
is  sufficient  to  relieve  initial  stress  in  manganese  bronze,  but  does 
not  markedly  soften  the  material. 

Determination  of  the  proportional  limit  of  a  bar  of  each  group 
after  this  annealing  showed  the  following  results: 


Manganese  bronze  rods 

Proportional 
limit 

No.  M237 

Lbs./hi.» 
25  000 

No.  M238 

35  000 

No.  M239 

42  500 

The  modulus  of  elasticity  of  all  of  the  bars  was  appreciably  the 
same;  that  is,  16  000  000  pounds  per  square  inch. 

III.  PROCEDURE  OF  TEST 

From  each  group  of  brass  rods  of  the  same  temper  were  pre- 
pared four  test  specimens.  These  were  placed  in  the  frames  and 
tensile  stresses  of  different  values,  given  in  Table  2,  applied  to 


'  Loc.  cit. 
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them.  Nine  test  specimens — that  is,  three  of  each  group — were 
exposed  to  corrosion.  Of  each  group  one  specimen  was  stressed 
just  to  the  proportional  Hmit,  one  was  stressed  to  a  value  of  the 
stress  just  above  the  proportional  limit,  and  one  to  a  value  just 
below  it.  Three  test  specimens,  one  of  each  group,  were  stressed 
just  to  the  proportional  limit,  and  then  covered  with  paraffin 
as  a  protection  against  corrosion;  these  specimens  were  preserved 
as  comparison  specimens  in  the  laboratory  during  the  period  of 
test. 

TABLE  2. — Proportional  Limits  of  the  Test  Specimens  and  Approximate  Test  Stresses 

Applied  to  Them 


Frame 

Specimen 

Proportional 
limit 

Approximate 

teat  stress 

1 

2 

M237-A 
M237-C 
M237-D 
M238-A 
M23S-C 
M23S-D 
M239-A 
M239-B 
M239-C 
M237-B 
M23g-B 
M239-D 

Lbs./in.! 

25  000 
25  000 
25  000 
35  000 
35  000 
35  000 
42  500 
42  500 
42  500 
25  000 
35  000 
42  500 

Lbs./iu.= 
15  000 
25  000 

3 

30  000 

4 

20  000 

5 

35  000 

6       

40  000 

7 

8             

42  500 

9 

47  500 

10 

11  .... 

40  000 

u..::: 

45  000 

For  the  measurement  of  stress  a  5 -inch  strain  gage  reading  to 
o.oooi  inch  was  used,  and  on  each  bar  two  sets  of  holes  for  the 
gage  points  were  placed  on  opposite  sides.  The  difference  in  the 
strain-gage  reading  before  and  after  loading  the  bars  by  tightening 
up  the  nuts  g  g,  or  unloading  by  loosening  the  nuts,  allowed  of  the 
calculation  of  the  applied  stress.  That  the  stresses  were  apphed 
approximately  axially  is  shown  by  the  fact  that  the  extensions  of 
the  two  opposite  fibers  of  each  bar  usually  agreed  in  value  within 
less  than  5  per  cent ;  in  a  few  cases  the  agreement  was  only  within 
10  per  cent. 

The  average  value  of  the  extensions  on  the  two  opposite  sides 
was  used  in  the  calculation  of  stress. 

After  applying  the  desired  stresses  to  all  of  the  specimens  in  the 
frames,  they  were  allowed  to  lie  for  a  few  days  and  were  then  re- 
gaged.  Only  insignificant  changes  in  length  and  consequently  of 
stress  had  occurred  in  that  time.  The  frames  were  then  wrapped  in 
cloth  and  painted  with  red  lead  and  the  steel  reference  bars  covered 
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with  a  layer  of  paraffin  as  a  protection  against  corrosion.  All 
gage-point  holes  were  also  carefully  WTapped  with  cloth  and 
paraffined.  The  portion  of  the  brass  test  specimens  in  frames  i 
to  9  between  gage-point  holes  was  left  bare  and  unprotected;  the 
test  specimens  in  the  frames  lo  to  12  were  paraffined. 

IV.  EXPOSURE  OF  TEST  FRAMES 

The  frames  i  to  9,  inclusive,  were  then  placed  near  the  top  of 
a  water  surge  tank  in  the  engine  room,  such  that  they  were  al- 
ternately immersed  in  water  and  exposed  to  the  air.  Frames  10, 
II,  and  12  were  laid  away  in  the  laboratory.  This  was  done  on 
December  22,  1916.  On  March  2,  191 7,  the  frames  were  removed 
and  examined.  No  cracks  or  fractures  had  appeared;  the  brass 
had  tarnished  badly.  On  March  13  the  tensile  stress  on  each 
.test  specimen  was  relieved  and  measured;  on  March  15  the  test 
stress  was  again  applied,  measured,  and  on  April  6  the  frames 
were  put  back  in  the  tank.  On  June  1 2  they  were  again  removed 
and  examined.  Xo  cracks  had  appeared,  but  the  corrosion  had 
progressed,  and  the  surfaces  of  the  bronze  bars  were  of  a  green- 
ish-brown color.  The  frames  were  placed  by  error  at  this  time 
outside  the  tank  and  were  exposed  to  the  fumes  and  smoke  of 
the  boiler  room,  but  they  remained  fairly  dry.     On  October  10, 

1917,  the  frames  were  replaced  in  the  tank.  On  March  4,  1918, 
the  frames  were  removed  for  examination.  The  specimen  No. 
M239-B  in  frame  8  had  fractured,  evidently  quite  recently,  judg- 
ing by  the  brightness  of  the  fractured  surfaces.  Fig.  2  shows 
the  appearance  of  this  frame  and  specimen  after  fracture.  The 
other  specimens  were  quite  sound.  All  of  the  frames  except 
No.  8  were  replaced  in  the  tank  on  I\Iarch  10.     On  December  30, 

1 91 8,  upon  searching  for  these  frames,  it  was  discovered  that 
about  August'  i  they  had  been  removed  from  the  tank  by  the 
plumbers  and  placed  back  of  it.  \\'hen  found,  frames  Nos.  2,  6, 
and  9  were  entirely  immersed  in  dirty  water;  Nos.  3,  4,  and  5 
were  partially  immersed,  lying  on  top  of  the  others.     Nos.  i  and 

7  were  in  another  location,  which  was  dry  at  the  time  of  exami- 
nation. The  latter  frames  were  quite  dirty,  as  were,  indeed,  all 
of  the  frames,  being  covered  with  black  mud,  and  they  had  evi- 
dently been  in  the  water  or  had  been  sprayed  with  water  from 
the  hose  while  in  that  location. 

All  of  the  brass  specimens  after  washing  off  the  mud  showed 
that  they  had  been  moderately  corroded,  the  surfaces  being 
covered  with  a  heavy,  dark  reddish-brown  patina. 
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Fig.  2. — Photograph  of  frame  No.  S  with 
specimen  No.  AI 2 JQ-B,  fractured  after 
about  one  year's  exposure  to  corrosion 
under  a  tensile  stress  of  approximately 
4J  000  pounds  per  square  inch 


Fig.  3. — Photograph  of  frame  No.  guHh 
specimen  No.  M 2J0-C after  tu-o  years' 
exposure  to  corrosion  under  a  tensile 
stress  of  abotit  4^  000 pounds  per  square 
inch 


Corrosion-Stress  Tests  of  Manganese  Bronze 


CO 

n« 

»n 

o\ 

^ 

. 

i 

I 

'"' 

w 

;o_ 

*"* 

" 

'' 

'' 

Ul 

■s„.« 

**.  o 

^ 

^ 

^ 

r-i 

o 

o 

o 

o 

3 
•S2 

^" 

^ 

t-- 

■o 

■« 

o 

Is 

,s- 

(M 

CO 

<M 

■* 

en 

M 

>-) 

a 

«    o 

<-» 

o 

«-> 

s 

^ 

o 

r> 

rs 

Q 

a- 

ffi  2  "  a 

**- 

•o 

.u 

■(1 

m 

-o 

^ 

.a  '^ 

M 

m 

" 

tsi 

CO 

I.J 

B  °  S  ~  - 

d  "^ 

o 

o 

av 

VO 

m 

m 

m 

a\ 

00 

o 

m 

o 

(M 

t^ 

^ 

^ 

<b 

ca 

•s„.^ 

".  <=■ 

^ 

p, 

^ 

^ 

3" 

la  '^ 

^s 

i2|S 

in 

)^ 

;;;; 

CO 

^a 

hS^a 

<r> 

CO 

f*J 

■^ 

■a- 

= 

w 

i4 

•O 

•a»^  = 

**.  o 

o 

^ 

n 

^ 

^ 

^ 

„ 

ix  ■*■ 

CO 

i2g.§ 

■^ 

o 

CJ\ 

<-) 

rj 

\o 

£S&a 

^- 

CO 

IVJ 

■V 

in 

d" 

o 

\6 

CM 

to 

fO 

CO 
00 

in 

•a».- 

"    o 

^ 

^ 

^ 

.^^ 

SSS" 

a\ 

n^ 

on 

^ 

•OS 

S^&a 

o-^ 

<n 

CM 

■* 

3 

m 

•J 

' 

■ag- 

^ 

as 

e 

ists 

■a- 

nn 

n 

CJ 

CO 

s 

g.gg 

(M 

\o 

0  ®  S-n  - 

**   a    CD   4)   ^ 

a 

«^ 

XT, 

CD 

o 
on 

c\ 

V 

c*> 
to 

s 

3-1  •s&a 

1 

o 

" 

a 

„ 

o 

<-> 

o 

^ 

o 

g 

(- 

r 

o 

s 

g 

S2  S.S 

o 

CM 

r- 

tA 

(M 

cr 

o 

o\ 

t^s-a 

s 

-a- 

3 

CO 

■J 

a 

„ 

^ 

^ 

(-1 

<-> 

<-i 

O 

f- 

r 

O          1 

5 

sals 

in 

m 

171 

m 

t^ 

a 

o 

\   t^ 

SS&a 

£i 

(M 

en 

ID 

Hi 

0  =  a  .i  " 

d  "■ 

r. 

QO 

a\ 

\n 

c^ 

<J 

o 

f 

■^ 

>■    ■* 

iS  n  n  4>  S 

S-iSs-a 

cr 

VO 

p 

i    m 

«" 

t 

o 

Q 

^ 

^ 

^ 

r 

r 

5     o 

^^ 

nil 

^-&a 

o 

o 

tfi 

m 

•* 

^ 

o 

\    n 

^    Ox 

bd 

5' 

m 

■* 

■* 

m 

fM 

"« 

»o 

a    11 

s 

•9„.e 

^ 

(-1 

(-> 

o 

<- 

o 

r 

■>    r 

5     o 

afe 

■s 

iatl 

a*»a 

\o 

^ 

u- 

irt 

a» 

in 

(*■ 

oo 

C 

>    c 

s    « 

^ 

XI  '" 

(n 

en 

■<■ 

0] 

?, 

1 

< 

O 

Q 

•< 

O 

0 

< 

P 

o 

C 

1    C 

1  Q 

r. 

\ 

. 

J. 

J, 

4, 

. 

A 

r- 

-     r. 

t,   ci, 

(!• 

S 

S   g 

S 

S 

.  s  s  s  s 

s 

S 

3  S 

i  s 

§ 

03 

(n 

•rj 

r-^ 

a 

i    o^ 

c 

J  J 

-•   - 

S  -9 


8  «  ^ 

S  2  1 

in  ^    fl 


■9  i  •" 


g-r 


•O    TS      4) 

ca   ca  tS 

1  81 


H  i^  H  « 


8  Technologic  Papers  of  the  Bureau  of  Standards 

Specimen  No.  238-D,  in  frame  6,  was  fractured.  No  other 
fractures  or  cracks  were  noticed  in  any  of  the  specimens.  Photo- 
graph, Fig.  3  shows  the  appearance  of  frame  No.  9  as  it  was  found 
on  December  30. 

The  stresses  in  some  of  the  frames  were  found  to  have  been 
sUghtly  reduced  during  the  last  exposure  period.  It  is  suspected 
that  upon  removing  the  frames  from  the  tank  they  were  dropped 
or  otherwise  roughly  handled,  thus  occasioning  the  loosening  of 
the  nuts. 

In  Table  3  will  be  found  the  values  of  the  stress  applied  to  the 
different  brass  specimens  as  measured  at  each  loading  and  un- 
loading. The  first  value  in  each  case  is  the  value  measured  on 
the  steel  bar.  In  the  third  column  is  the  value  of  the  extension 
produced  in  the  brass  bar,  and  in  the  second  column  of  each 
group  the  value  of  the  stress  in  the  brass  bar,  calculated  from 
its  own  extension  (using  16  000  000  pounds  per  square  inch  as 
the  modulus) . 

It  will  be  noticed  that  the  values  of  the  stress  calculated  from 
the  extensions  of  the  steel  bar  agree  well  with  those  calculated 
from  the  extensions  of  the  brass  bar,  except  on  the  first  loading. 
The  brass  specimens  in  frames  2,  3,  5,  6,  10,  and  11  evidently 
yielded  slightly  and  took  a  permanent  set  upon  their  first  loading; 
the  stress  values  of  the  second  column  have  in  this  case,  therefore, 
no  meaning. 

V.   CONCLUSIONS 

In  considering  the  results  of  these  tests  it  must  be  emphasized 
that  the  period  of  exposure — two  years — during  which  the  bars 
have  been  obser\'ed  is  relatively  short  in  comparison  with  the 
periods  for  which  such  materials  may  actually  be  used  in  service. 
The  test  bars  used  were  given  a  low  temperatiue  anneal,  also,  in 
order  to  relieA'e  the  initial  stresses,  and  consequent!}^  their  be- 
havior may  differ  during  test  from  that  of  bars  in  which  these 
stresses  still  remain.  It  is  quite  apparent,  therefore,  that  any  con- 
clusions to  be  deriA-ed  from  these  results  must  be  regarded  as 
quite  restricted  in  their  definite  application  and  as  more  or  less 
tentative  in  their  more  general  aspects. 

Within  the  period  of  exposure  of  two  years  no  specimen  of 
the  A\Tought  manganese  bronze  fractm'ed  under  a  stress  below  its 
proportional  limit,  and  four  specimens — Nos.  M237-C,  M237-D, 
]\I238-C,  and  i\l239-C — did  not  fracture  nor  crack  under  a  stress 
which  caused  slight  yielding  and  permanent  set  when  first  applied. 
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Fracture  or  cracking  did  not  occur  in  any  bars  stressed  to  values 
below  35  000  pounds  per  square  inch.  This  value  does  not  repre- 
sent the  highest  value  of  the  tensile  stress  withstood  during  the 
period  of  test;  specimen  M239-C  in  frame  9  was  still  quite  sound 
at  the  end  of  two  years  while  under  a  stress  of  from  45  000  to 
48  000  pounds  per  square  inch.  Its  behavior  is  considered  some- 
what anomalous,  however,  since  specimen  M239-B  of  the  same 
temper  fractured  within  about  18  months  under  a  stress  of  only 
41  000  to  45  000  pounds  per  square  inch.  It  is  predicted  that  the 
fonner  specimen  will  eventually  fracture  under  the  higher  stress. 

One  specimen  with  a  proportional  limit  of  35  000  pounds  per 
square  inch  fractured  under  a  tensile  stress  of  approximately 
40  000  pounds  per  square  inch,  and  another  with  a  proportional 
limit  of  42  500  pounds  per  square  inch  under  a  stress  of  approxi- 
mately 43  000  pounds  per  square  inch. 

None  of  the  bars  in  frames  10,  11,  and  12,  which  were  protected 
against  corrosion,  were  fractured  at  the  end  of  the  two  years. 

The  results  of  these  tests  seem  to  be  partialty,  at  least,  in  con- 
formity with  the  conclusions  reached  by  Jonson  from  his  work 
using  ammonium  hydroxide  as  a  corroding  medium.  His  con- 
clusion was  that  brass  or  bronze  might  not  be  subjected  to  cor- 
rosion (in  ammonium  hydroxide)  while  under  a  tensile  stress 
greater  than  20  000  pounds  per  square  inch  or  greater  than 
5000  pounds  per  square  inch  above  the  yield  point,  without 
danger  of  failure.  The  authors'  tests  indicate  that  the  propor- 
tional limit  is  to  be  regarded  as  the  maximum  safe  stress  for 
bronze  of  harder  tempers,  but  that  it  is  not  certain  this  limit  may 
not  be  slightly  exceeded  in  materials  which  are  soft;  that  is,  free 
from  work  hardness. 

Only  further  exposure  tests,  which  are  now  proceeding,  will 
decide  this  point.  It  is  from  the  practical  standpoint  very  de- 
sirable to  know  whether  it  is  permissible  to  tighten  a  bolt  of 
brass  or  bronze  until  it  yields  slightly  or  whether  rigid  care  must 
be  exercised  that  the  load  applied  in  tightening  is  at  no  time 
above  the  yield  point. 

Washington,  February  27,  191 9. 
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I.  INTRODUCTION 

The  main  object,  perhaps,  in  the  determination  of  free  carbon 
in  rubber  goods  is  not  the  information  gained  directly,  but  the 
opportunity  thus  permitted  for  the  determination  of  the  rubber 
content  by  difference.  For  some  time  past  the  most  widely 
used  method  for  the  determination  of  rubber  has  been  to  calculate 
it  as  the  difference  between  loo  per  cent  and  the  total  of  the  per- 
centages of  ash,  total  sulphur,  and  the  various  extracts.  Recently 
refinements  on  this  general  method  for  the  determination  of  rub- 
ber have  been  proposed  and  quite  generally  accepted,  and  it  is 
to-day  the  standard  of  analysis.  Obviously,  this  method  is  sub- 
ject to  wide  error  when  free  carbon  is  present  and  no  correction 
is  made  for  it. 

II.  DISCUSSION  OF  PROPOSED  METHOD 

A  search  of  the  literatm-e  on  the  subject  revealed  two  general- 
methods  for  such  a  determination;  first,  that  in  which  nitric  acid 
is  used  to  decompose  and  remove  the  rubber,  and  the  carbon  is 
then  determined  in  the  residue;  and  second,  that  in  which  the 
rubber  is  dissolved  in  high-boiling  solvents,  such  as  petroleum  oils, 
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nitrobenzene,  and  aniline,  and  the  carbon  is  then  similarly  deter- 
mined in  the  residue. 

Henry  William  Jones '  proposes  the  use  of  nitric  acid  as  a 
means  of  separating  free  carbon  from  vulcanized  rubber  and  de- 
scribes his  process  as  foUows:  "A  one  to  two  g  sample  is  heated 
with  concentrated  nitric  acid  and  then  filtered  cold  on  a  Gooch 
crucible,  washed  with  nitric  acid  to  remove  the  mother  liquors  and 
then  with  water  to  remove  the  acid  and  soluble  metallic  salts. 
The  insoluble  residue  is  then  air  dried  at  ordinary  temperatures, 
weighed,  ignited,  and  weighed  again." 

W.  A.  Caspari  also  -  utilizes  nitric  acid  to  decompose  the  rubber, 
but  uses  ammonia  to  remove  the  nitration  products  formed. 

We  found  the  method  of  Caspari  to  give  high  results,  since 
there  is  no  attempt  to  remove  any  organic  compounds  which  may 
not  be  dissolved  by  ciitric  acid  or  ammonia.  The  method  of  Jones 
seemed,  in  general,  to  be  satisfactory.  In  the  report  referred  to, 
however,  the  details  are  somewhat  lacking  and  the  latter  part  is 
confusing.  In  both  methods  no  accoimt  is  taken  of  the  action  of 
nitric  acid  on  the  carbon  present. 

The  outline  of  our  method  as  we  first  tried  it  was,  first,  primarily 
to  remove  organic  matter  with  nitric-acid  treatment  and  then 
filter  on  a  Gooch  crucible,  leaving  only  fillers  which  were  not 
attacked  by  nitric  acid;  and  second,  to  rempve  by  suitable  treat- 
ment those  remaining  mineral  fillers  which  might  show  a  loss  in 
weight  dming  ignition  of  the  carbon.  The  carbon  could  then  be 
determined  by  diiTerence  in  weight  before  and  after  ignition. 

Our  first  experiments  indicated  the  following : 

1.  The  carbon  itself  was  liable  to  attack  by  nitric  acid. 

2.  The  organic  matter  was  not  all  removed  by  nitric  acid. 

3.  Lead  sulphate  seemed  to  be  the  chief  mineral  ingredient 
which  needed  to  be  removed  after  the  nitric-acid  treatment. 

We  treated  samples  of  lampblack  and  gas  black  for  various 
periods  with  concentrated  nitric  acid.  In  each  case  the  mixture 
was  heated  on  the  steam  bath  for  a  definite  length  of  time  and 
then  evaporated  to  dryness.  The  residue  was  always  hea\der  than 
the  original  sample,  and  the  increase  was  from  3  to  5  per  cent  for 
the  minimum  time  taken  to  evaporate  off  the  acid  and  from  5  to 
8  per  cent  for  15  hours'  heating. 

We  then  treated  samples  of  lampblack  and  gas  black  for  definite 
lengths  of  time  with  concentrated  nitric  acid,  after  which  we  fil- 
tered off  the   solution  on   a  Gooch  crucible,  washed  well  with 

'  Paper  presented  before  the  Fourth  Interuatiorml  Rubber  Congress. 
'  India  Rubber  Laboratory  Practice. 
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nitric  acid,  then  with  acetone,  and  finally  with  sodiiun -hydroxide 
solution.  The  alkali  invariably  extracted  material  the  nature  of 
which  we  did  not  investigate.  The  ignition  loss  of  the  residue,  in 
proportion  to  the  original  amount  of  carbon  taken,  varied  from 
100  to  102  per  cent  in  the  case  of  gas  black  and  from  loi  to  105 
per  cent  when  lampblack  was  used. 

As  yet  we  have  not  made  any  effort  to  identify  the  products 
formed  by  the  action  of  nitric  acid  on  the  variously  made  forms 
of  amorphous  carbon,  but  are  inclined  to  believe  the  action  is  an 
oxidizing  one  similar  to  the  formation  of  graphitic  acid  by  the 
prolonged  heating  of  a  mixture  of  graphite,  potassium  chlorate, 
and  nitric  acid.  Therefore,  one  would  expect  to  find  here  complex 
carboxylic  compounds  formed  by  the  addition  of  hydrogen  and 
oxygen  to  the  carbon  atoms. 

There  seem  to  be  at  least  three  classes  of  compounds  formed, 
namely,  the  first  soluble  in  nitric  acid,  the  second  insoluble  in 
nitric  acid  but  soluble  in  alkali,  and  the  third  insoluble  in  both. 
Our  experience  indicated  that  the  last  named  was  the  major 
product  of  the  reaction. 

Our  first  trials  at  completely  removing  the  nitrated  rubber  with 
nitric  acid  showed  that  this  was  impossible.  After  filtration  from 
the  nitric-acid  solution,  washing  with  acetone  would  invariably 
give  an  extract,  having  in  some  cases  the  characteristic  yellow  of 
the  nitrosite  of  rubber,  in  others  a  deep  brown  extract  which  per- 
sisted for  several  washings.  With  samples  giving  these  deep- 
brown  extracts  with  acetone,  a  further  washing  with  sodium 
hydroxide  would  result  in  a  second  brown  extract.  This  showed 
that  the  nitric  acid  did  not  remove  all  of  the  nitrosite  of  rubber, 
in  addition  to  some  other  organic  matter  which  may  or  may  not 
have  been  nitrated,  but  which  seemed  to  be  soluble  in  acetone  or 
soditmi-hydroxide  solution.  It  was  noted  that  the  brown  acetone 
and  sodium-hydroxide  extracts  were  invariably  obtained  when 
mineral  rubber  was  known  to  be  present.  As  all  of  the  samples 
nitrated  had  previously  been  extracted  with  acetone  and  chloro- 
form, we  were  led  to  conclude  that  we  were  encountering  that 
part  of  mineral  rubber  which,  according  to  Caspari,  becomes 
insoluble  in  the  usual  solvents  after  vulcanization. 

B.  D.  Porritt  *  confirms  Caspari's  work,  showing  that  during 
vulcanization  some  of  the  bitumen  passed  into  an  insoluble  form 
much  as  rubber  does.     In  the  case  of  vulcanite,   he  says  that 

8  Estimation  of  Bitumen  in  Rubber  Mixings,  Proceedings  of  Fourth  International  Rubber  Congress. 
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nearly  half  of  the  bitumen  is  rendered  insoluble.  He  presented 
no  information,  however,  to  show  whether  or  not  combination  with 
sulphm-  takes  place.  He  also  fovmd  that  nitric  acid  had  no 
apparent  action  on  bitumen.  He  treated  a  rubber  mixing  con- 
taining bitumen  with  nitric  acid,  and  tried  to  determine  by  ex- 
tracting with  carbon  bisulphide  the  bitumen  left  in  the  residue. 
He  obtained  extremely  low  results.  From  this  he  concluded  that 
the  preliminary  treatment  with  nitric  acid  had  rendered  a  portion 
of  the  bitumen  insoluble  in  the  solvents.  If  this  were  the  case, 
carbon  determined  as  we  have  proposed  would  given  high  results. 

An  experiment  which  we  hoped  might  disclose  the  effect  of 
mineral  rubber  on  the  determination  was  made  as  follows:  Some 
mineral  rubber  was  melted  and  stirred  up  with  sulphur  at  200°  C. 
A  vigorous  reaction  took  place  with  considerable  evolution  of 
hydrogen  sulphide.  The  brittle  solid  product  obtained  was  ex- 
tracted with  acetone  and  chloroform,  and  gave  a  very  large 
insoluble  residue.  This  residue  was  found  to  be  insoluble  in  all 
of  the  common  organic  solvents  and  unattacked  by  strong  sodium 
hydroxide.  When  treated  with  hot  concentrated  nitric  acid  for 
a  few  minutes,  the  acid  became  colored  a  deep  brown,  but  the 
larger  part  of  the  material  persisted  as  a  black  floating  mass.  It 
remained  so  even  after  a  24-hour  treatment.  This  residue,  how- 
ever, we  foimd  to  be  readily  soluble  in  either  acetone  or  strong 
sodium-hydroxide  solution.  The  effect  of  mineral  rubber  on  the 
determination  would  then  be  as  follows:  The  preliminary  extrac- 
tions with  acetone  and  chloroform  would  remove  the  soluble 
portions;  after  nitration,  acetone  and  sodium-hydroxide  solu- 
tions would  remove  that  part  which  had  become  insoluble  through 
vulcanization. 

We  carried  out  a  large  number  of  determinations  on  compounds 
treated  directly  with  nitric  acid.  We  compared  these  results  with 
results  obtained  on  the  same  samples  which  had  been  extracted 
with  acetone  and  chloroform  before  nitration.  As  a  result  we 
would  recommend  that  low-grade  stocks  be  extracted,  as  it  will 
facilitate  the  filtration  of  the  nitric-acid  liquor.  It  will  be  found 
to  be  of  no  material  advantage  to  extract  high-grade  stocks  con- 
taining rubber  as  the  only  organic  matter  added  to  the  compound. 

Assuming  that  the  organic  matter  has  all  been  removed  by  the 
nitric  acid,  organic  solvents,  and  sodium-hydroxide  solution,  there 
remain  with  the  carbon  all  of  the  mineral  constituents  which  were 
not  removed  by  the  nitric  acid.     Among  the  latter  lead  sulphate 
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is  very  often  present,  since  part  of  any  litharge  present  is  con- 
verted into  lead  sulphate  during  the  nitric-acid  treatment.  Any 
mineral  matter  remaining  which  is  not  attacked  by  carbon  dinging 
ignition  or  which  itself  suffers  no  ignition  loss  obviously  need  not 
be  removed.  If  lead  sulphate,  however,  is  allowed  to  remain  in 
contact  with  the  carbon  during  ignition,  it  becomes  at  least  par- 
tially reduced  and  perhaps  volatilized,  with  a  consequent  loss  in 
weight.  Lead  sulphate  is  therefore  removed  by  washing  with 
concentrated  ammonium-acetate  solution  until  the  filtrate  shows 
the  absence  of  lead. 

There  are  a  large  number  of  other  fillers  and  pigments  which  will 
show  ignition  losses  and  will  consequently  give  erroneous  results. 
Some  of  these  may  be  eliminated  by  suitable  washes,  as  in  the 
case  of  lead.  The  errors  caused  by  others,  however,  can  not  be 
eliminated,  but  often  can  be  largely  reduced  by  washing  with 
concentrated  hydrochloric  acid  as  given  in  the  procedtu-e.  The 
following  table  shows  the  approximate  ignition  losses  of  fillers 
and  pigments  which  may  be  present  at  this  point.  For  use  in 
case  these  may  be  removed  by  some  additional  treatment,  the 
methods  which  we  have  found  to  be  successful  are  given : 


Material 


Ignition 
loss 


Method  of  elimination 


Talc 

Red  Iron  oxide 

French  ocher 

Chrome  green 

Calcium  sulphate. . . 
Crimson  antimony. . 
Golden  antimony. . . 

Tripoli 

Soapstone 

Mica 

Rotten  stone 

Vermilion 


Brown  aluminum  flake.. 
Gray  aluminum  flake. . . 

Infusorial  earth 

Domestic  china  clay 

English  china  clay 


Per  cent 

1.3 

.15 

7.0 

.1 

.15 

3.3 

3.1 

.6 

1.3 

3.0 

2.6 


10.5 
12.8 
5.0 
12.9 
11.4 


The  vermilion  is  dissolved  by  washing  the  pad 
repeatedly  with  hot  concentrated  sodium 
sulphide  solution. 

The  ignition  losses  can  be  cut  to  less  than  1  per 
cent  by  a  treatment  with  sodium  hydroxide,  the 
details  of  which  are  given  below. 


a  Completely  volatile. 


When  aluminum  flake,  china  clay,  or  infusorial  earth  are  present, 
proceed  as  follows:  After  the  nitric  acid  has  been  allowed  to  act 
upon  the  rubber  sample  for  i  hour  on  the  steam  bath,  allow  it  to 
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settle  for  30  minutes.  Pour  the  supernatant  acid  liquor  through 
the  Gooch  crucible  and  wash  the  residue  remaining  in  the  beaker 
repeatedly  with  nitric  acid  by  decantation.  Digest  with  35  cm' 
of  a  25  per  cent  solution  of  sodium  hydroxide  for  i  hour.  Filter 
through  the  same  Gooch  crucible.  Wash  the  excess  alkali  from 
the  pad  with  water  and  proceed  in  the  regular  manner,  omitting, 
however,  the  washings  with  1 5  per  cent  sodium-hydroxide  solution. 
In  order  to  remove  the  last  traces  of  sodium  hydroxide  pre- 
viously used  as  a  wash,  the  pad  was  washed  well  with  a  very 
dilute  solution  of  hydrochloric  acid.  This  can  not  well  be  fol- 
lowed by  a  wash  with  water,  since  the  carbon  is  apt  to  go  into 
colloidal  solution.  On  attempting  to  dry  the  residue  at  200°  C, 
it  Avas  found  that  it  gradually  decreased  in  weight,  probably 
owing  to  the  very  slow  oxidation  of  the  carbon  at  this  tempera- 
ture. Drying  for  one  and  one-half  hours  at  150°  C,  however, 
removed  all  of  the  hydrochloric  acid  and  gave  a  constant  weight. 

III.  DETAILS  OF  METHOD  AS  FINALLY  ADOPTED 

As  a  result  of  these  preliminary  considerations  and  experiments, 
we  de^dsed  the  following  procedure : 

Extract  a  i-g  sample  for  six  hours  with  acetone  and  then  for 
three  hours  with  chloroform  or  carbon  bisulphide.  Transfer  the 
sample  to  a  250-cm'  beaker  and  heat  on  the  steam  bath  imtil  it 
no  longer  smells  of  chloroform.  Add  a  few  cm'  of  hot  concen- 
trated nitric  acid  and  allow  to  stand  in  the  cold  for  about  10 
minutes.  Add  50  cm'  more  of  hot  concentrated  nitric  acid, 
taking  care  to  wash  down  the  sides  of  the  beaker.  Heat  on  the 
steam  bath  for  about  one  hour  or  imtil  all  bubbles  or  foam  dis- 
appear from  the  surface.  Pom-  the  liquid,  while  hot,  into  a 
Gooch  crucible  containing  a  thick  pad  of  ignited  asbestos.  Filter 
by  slowly  applying  gentle  suction  and  wash  well  with  hot  con- 
centrated nitric  acid.  Empty  the  filter  flask  and  wash  the  filter 
alternately  with  acetone  and'  benzol  until  the  filtrate  is  colorless. 
Next  wash  it  well  with  a  hot  15  per  cent  solution  of  sodium 
hydroxide.  Test  for  the  presence  of  lead  by  running  some  warm 
ammonium  acetate  solution,  containing  an  excess  of  ammonium 
hydroxide,  through  the  pad  into  a  solution  of  sodium  chroma te. 
If  a  yellow  precipitate  forms,  the  pad  must  be  washed  with  the 
ammonium-acetate  solution  until  the  washings  no  longer  precipi- 
tate the  sodium-chromate  solution.  Next  wash  the  residue  a  few 
times  with  hot  concentrated  hydrochloric  acid  and  finally  with 
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warm  5  per  cent  hydrochloric-acid  solution.  Remove  the  crucible 
from  the  funnel,  taking  care  that  the  outside  is  clean,  and  dry  it 
in  an  air  bath  for  one  and  one-half  hours  at  150°  C.  Weigh, 
bum  off  the  carbon  at  a  dull-red  heat,  and  reweigh.  The  difference 
in  weight  represents  approximately  105  per  cent  of  the  carbon 
originally  present  in  the  form,  of  lampblack  or  gas  black.  It  is 
recommended  that  0.5-g  samples  be  taken  for  compounds  con- 
taining over  10  per  cent  of  free  carbon  and  i-g  samples  for  com- 
pounds containing  less  than  this  amount.  It  is  also  unnecessary 
to  extract  high-grade  compounds. 

It  will  be  noted  that  we  have  taken  the  factor  105  per  cent  as 
a  ratio  between  the  ignition  loss  and  the  amount  of  carbon  present. 
This  factor  is  arrived  at  from  the  results  of  a  large  number  of 
determinations  made  at  the  Bureau  of  Standards.  The  results  of 
gas-black  determinations  ran  from  loi  to  106  per  cent  and  lamp- 
black determinations  ran  from  102  to  108  per  cent.  Results 
were  obtained  on  different  samples  containing  large  amounts  of 
mineral  rubber,  lead  both  in  the  form  of  oxide  and  sulphate, 
reclaimed  rubber  of  various  kinds,  glue,  substitute,  sulphides  of 
antimony,  talc,  and  others.  In  all  cases  the  results  came  between 
1 01  and  108  per  cent  of  the  carbon  originally  present.  So,  by 
using  a  factor  of  105  per  cent  the  maximum  divergence  would 
be  4  per  cent  and  the  usual  divergence  very  small. 

In  our  analysis  of  the  gas  black  and  lampblack  used  in  our 
experiments,  we  determined  the  volatile  loss  at  100°  C,  the  acetone- 
extractable  matter  and  the  ash,  and  assumed  the  remainder  of 
our  samples  to  he  carbon.  Our  results  have  been  calculated  on 
this  basis. 

IV.  SUMMARY 

1.  It  is  necessary  to  correct  the  result  as  obtained  by  ignition 
loss  to  compensate  for  the  error  caused  by  the  formation  of  com- 
pounds from  the  free  carbon. 

2.  The  attack  of  amorphous  carbon  by  nitric  acid  renders  an 
accurate  determination  by  this  method  impossible;  nevertheless 
the  error  caused  thereby  is  sufficiently  uniform  and  small  in 
magnitude  to  allow  of  a  practical  determination. 

3.  The  presence  of  certain  mineral  fillers  will  give  rise  to  error. 
The  error  caused  thereby,  however,  is  usually  small.  In  case 
accurate  results  are  desired  when  these  fillers  are  present,  an 
analysis  of  the  mineral  matter  should  be  made  and  proper  correc- 
tions applied. 
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4.  Assuming  the  ignition  loss  to  be  105  per  cent  of  the  weight 
of  carbon,  we  feel  that  the  results  by  this  method  justify  its  use 
at  present  as  a  routine  method  in  the  rubber  laboratory. 

Washington,  March  15,  1919. 
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PREFACE 

The  Bureau  of  Standards,  having  conducted  tests  of  Illinois 
coal  in  a  new  type  of  coke  oven,  was  requested  by  the  Minnesota 
By-Product  Coke  Co.  to  make  an  operating  test  of  its  plant  also, 
using  Illinois  coal.  This  work  was  done  by  the  Bureau  in  cooper- 
ation with  the  Bureau  of  Mines  under  the  direction  of  E.  B.  Rosa, 
chief  physicist  of  the  Bureau  of  Standards,  and  O.  P.  Hood,  chief 
mechanical  engineer  of  the  Bureau  of  Mines. 

The  authors  of  this  report,  who  were  in  charge  of  the  field 
parties  from  the  two  Bureaus,  take  pleasure  in  acknowledging  the 
assistance  and  coope;-ation  of  those  associated  with  them  in  the 
work.  Among  this  number  were  the  following  members  of  the 
Bureau  of  Standards'  staff:  C.  E.  Reinicker,  associate  gas  engineer, 
who  acted  as  assistant  chief  of  the  party;  W.  M.  Berry,  associate 
gas  engineer,  in  charge  of  battery  observations;  E.  A.  Dieterle, 
consulting  gas  engineer,  in  charge  of  by-product  sampling  and 
laboratory  tests;  C.  O.  Fairchild,  associate  physicist,  in  charge  of 
high  temperature  measurements;  A.  I.  Phillips,  gas  expert,  who 
was  detailed  to  assist  in  the  work  by  the  Ordnance  Department; 
B.  D.  Gordon,  J.  D.  Mackenzie,  H.  F.Wakefield,  and  F.  M. Wash- 
bum,  assistant  chemists;  I.  V.  Brumbaugh, M.  J.  Frankel,G.  A. Gray, 
and  J.W.  Lansley,  assistant  engineers ;  F.  L.  Mohler  and  J.  S.  Christie, 
assistant  physicists;  and  J.  H.  Eiseman,  aid.  Members  of  the 
Bureau  of  Mines'  staff  assisting  at  the  plant  were:  V.  C.  Alhson, 
W.  R.  Ratliff,  B.  B.  Wescott,  C.  E.  Plummer,  R.  M.  Winslow, 
Chas.  Schramm,  and  W.  R.  Cunningham;  sampling  coal  at  the 
mine  was  Thomas  Eraser;  analyzing  coal  and  coke  samples  were 
F.  D.  Osgood,  G.  H.  Mengel,  L.  R.  Eckman,  O.  C.  Brown,  and  W. 
E  .Surbled.  Special  mention  is  also  due  Mr.  Brumbaugh  for  assist- 
ance in  working  up  the  data  and  in  preparing  this  report. 

The  authors  also  take  pleasure  Ln  acknowledging  the  cordial 
cooperation  and  assistance  rendered  throughout  the  test  period 
by  T.  G.  Janney,  manager,  K.  G.  Richards,  superintendent,  and 
the  members  of  the  operating  force  of  the  plant.  Special  acknowl- 
edgment is  also  due  F.  W.  Sperr,  jr.,  chief  chemist  of  The  Koppers 
Co.,  who  with  his  assistants,  was  present  throughout  the  test 
period  and  afforded  especially  valuable  advice  and  assistance. 
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PART  I.  INTRODUCTION 

1.  OCCASION  FOR  INVESTIGATION 

The  use  of  mid-continent  coals,  particularly  those  from  Illinois, 
for  production  of  metallurgical  coke  in  by-product  ovens  has  long 
been  considered  an  important  development,  but  this  matter 
became  particularly  urgent  diuing  the  period  of  the  war  as  one 
possible  means  for  reducing  the  demand  upon  our  other  coal 
resoiu-ces  which  are  particularly  suited  to  these  purposes.  Nu- 
merous processes  were  proposed  for  the  utilization  of  this  coal, 
and  among  them  a  new  coke-oven  development  was  recommended 
to  the  Government  for  its  consideration.  The  urgency  of  this 
matter  led  the  President  to  instruct  the  Bureau  of  Standards  to 
make  an  investigation  of  this  process.  In  connection  with  this 
work,  the  Bureau  was  requested  by  representatives  of  The  Koppers 
Co.  to  conduct  a  test  of  Illinois  coal  at  the  St.  Paul  plant,  owned 
by  one  of  its  subsidiary  companies,  the  Minnesota  By-Product 
Coke  Co.  (See  Figs,  i  and  2.)  Appreciating  this  opportunity  to 
sectire  valuable  information  that  was  urgently  needed,  the  Btureau 
accepted  this  invitation  and,  with  the  cooperation  of  the  Biu-eau 
of  Mines,  carried  out  an  extensive  operating  test  with  about  7600 
tons  of  Orient  coal  from  Franklin  County,  111. 


The  Coking  of  Illinois  Com  5 

Although  the  results  obtained  are  no  longer  of  such  urgent  value 
as  when  the  work  was  planned,  yet  they  constitute  an  important 
contribution  to  the  information  available  regarding  the  possibilities 
in  the  commercial  use  of  the  mid -continent  coals.  They  are, 
therefore,  presented  for  the  general  information  of  those  who  may 
be  concerned  with  this  important  phase  of  our  fuels  work. 

2.  SCOPt  OF  INVESTIGATION 

For  this  test,  approximately  7600  tons  of  coal  from  the  Orient 
mine  of  the  Chicago,  Wilmington  &  Franklin  Coal  Co.,  which 
operates  in  Franklin  Coimty,  111.,  were  obtained.  This  coal  was 
handled  in  the  plant  of  the  Minnesota  By-Product  Coke  Co.  at 
St.  Paul,  Minn.,  which  plant  operated  for  the  entire  period  of  the 
test  on  this  coal  alone.  All  phases  of  coal  handling,  oven  opera- 
tion by-product  recovery,  and  laboratory  testi  were  luider  obser- 
vation by  a  staff  of  Government  representatives.  Altogether  37 
engineers  and  chemists  were  employed  for  this  work,  and  in  addi- 
tion the  Bureau  of  Standards  and  the  Bureau  of  Mines  had  the 
benefit  of  advice  and  comment  from  a  cosnsiderable  number  of 
expert  engineers  who  are  specialists  in  the  field  of  coke-oven 
operation.  The  quantity  of  all  products  was  carefully  weighed 
or  measured  at  regular  intervals,  samples  of  each  of  the  products 
were  taken,  and  complete  analyses  of  the  coal  and  these  products 
have  been  made.  Altogether,  therefore,  this  report  covers  com- 
plete observations  on  all  parts  of  the  plant  for  the  entire  period 
from  September  27  to  October  5,  191 8. 

3.  PERSONS  PARTICIPATING 

The  Bureau  of  Standards  was  responsible  for  the  general 
planning  and  supervision  of  the  test  work.  Its  representatives 
made  all  observations  of  battery  operation,  high-temperature 
measurements,  by-product  recovery,  and  chemical  laboratory 
work  on  gas  and  by-products. 

The  Bureau  of  Mines  was  responsible  for  the  sampUng  of  the  coal 
at  the  time  it  was  loaded  at  the  mines,  and  for  the  weighing,  sam- 
pling, and  analysis  of  the  coal  as  used  at  the  plant,  and  of  all  sizes 
of  coke  produced.  Its  representatives  also  made  general  obser- 
vations on  the  character  of  the  coke  and  the  operation  of  the 
ovens. 

Among  the  experts  who  were  present  to  witness  the  test  and 
advise  regarding  the  work  were  the  following:  A.  S.  Knowles, 
representative  of  Consolidation  Coal  Co.,  St.  Louis,  Mo.,  who  was 


6  Technologic  Papers  of  the  Bureau  of  Standards 

present  as  a  consulting  engineer  of  the  Bureau  of  Mines;  J.  F. 
Blackie,  superintendent  of  the  Milwaukee  Coke  &  Gas  Co.,  Mil- 
waukee, Wis.;  G.  C.  Lowell,  construction  engineer,  Peoples  Gas 
Light  &  Coke  Co.,  Chicago;  W.  A.  Forbes,  Steel  Corporation, 
New  York  City;  L.  F.  Burress,  coke-oven  superintendent,  Gary 
plant,  Illinois  Steel  Corporation;  G.  B.  Evans,  chief  engineer, 
Laclede  Gas  Light  Co.,  St.  Louis,  Mo. ;  R.  C.  Glazier,  coke  expert. 
United  States  Fuel  Administration. 

In  addition  to  the  regular  staff  of  the  Minnesota  By-Product 
Coke  Co.,  the  following  representatives  of  The  Koppers  Co.  were 
present  during  the  test:  C.  J.  Ramsburg,  vice  president;  Joseph 
Becker,  consulting  and  operating  engineer;  F.  W.  Sperr,  jr., 
chief  chemist;    H.  L.  Clarke,  attorney. 

PART  IL  DESCRIPTION   OF  PLANT  AND   TEST  FACILITIES 
1.  HANDLING  AND  PREPARATION  OF  COAL 

The  coal  for  the  test  was  sampled  at  the  mine  and  loaded  imder 
the  supervision  of  the  Bureau  of  Alines'  representative.  The  mine 
weights  and  car  numbers  were  thus  obtained  as  a  basis  of  identifi- 
cation of  the  coal  when  received  at  the  St.  Paul  plant. 

The  coal  was  received  in  hopper-bottom  cars,  was  weighed  on  a 
Fairbanks  track  scale  of  the  registering  beam  type  and  then 
dumped  iirto  tlie  track  hoppers  from  which  it  was  elevated  to  the 
coal-cnishing  tower.  A  careful  record  was  kept  of  cars  as  dumped. 
The  track  scale  used  had,  previous  to  the  test,  been  calibrated  and 
accurately  adjusted  by  the  Bureau  of  Standards'  track-scale 
experts  so  that  the  accuracy  of  the  weights  \vas  assured. 

The  coal  passed  through  a  Bradford  breaker  with  perforations  of 
I }{  inches  in  diameter.  The  material  not  broken  up  to  this  size 
was  separated  by  the  breaker  and  delivered  into  a  waste  bin  from 
which  it  was  removed  at  the  end  of  the  test  and  weighed  in  order 
to  correct  to  the  true  weight  of  coal  used.  The  coal  passing 
through  the  breaker  was  delivered  into  storage  bins  from  which  it 
went  to  the  hammer  mill  and  was  pulverized  so  that  about  two- 
thirds  ^vould  pass  through  a  lo-mesh  sieve  and  over  90  per  cent 
through  a  4-mesh  sieve. 

This  pulverized  coal  was  then  sampled  on  the  elevating  belt 
as  it  passed  to  the  two-compartment,  coal-storage  bin  over  the 
battery.  From  this  storage  bin  the  coal  was  delivered  into  a  four- 
hopper  larry  car,  from  which  it  was  charged  into  the  ovens.  For 
uniformitv  the  coal  for  each  charge  was  carefullv  weighed  in  this 
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larry  car,  but  these  weights  are  not  used  as  a  basis  for  calculation 
of  the  test  data,  as  the  larry  car  was  found  to  be  inaccurate  and  it 
could  not  be  repaired  and  adjusted  in  time  for  the  test.  All 
results  are,  therefore,  calculated  on  the  basis  of  the  railroad  track- 
scale  weights. 

Previous  to  and  at  the  close  of  the  test  period  all  the  coal- 
handling  system  and  the  coke-storage  bins  were  cleared  so  that 
accurate  measurements  of  the  test  supplies  could  be  made.  Diu-ing 
the  test  no  other  type  of  coal  or  coke  was  handled  in  the  plant. 

2.  COKE  OVENS 

The  Minnesota  By-Product  Coke  Co.  plant  consisted  of  65  ovens; 
60  of  these  in  one  battery  "  B  "  were  standard-type  Koppers  ovens, 
and  in  the  second  battery  "A"  were  5  similar  ovens,  but  with  a 
special  construction  and  arrangement  of  the  heating  flues.  The 
ovens  had  a  nominal  capacity  of  i2>^  tons  each.  They  were  39X 
feet  long,  9K  feet  high,  1 7  inches  wide  at  the  pusher  side,  and  19^^ 
inches  at  the  coke  side,  making  a  2X-iiich  taper  with  an  average 
width  of  18X  inches. 

The  plant  is  usually  operated  with  a  mixtiure  of  Pittsburgh, 
Elkhom,  and  Pocahontas  coal  at  normal  coking  times  of  about  16 
and  17  hours.  The  normal  capacity  of  the  plant  is  approximately 
1 100  tons  of  coal  per  day.  For  the  test  period,  since  the  coking 
time  was  slightly  longer  than  normal,  the  capacity  of  the  olant  was 
reduced  slightly  below  this  figure. 

The  batteries  are  regularly  operated  with  a  separation  of  the 
rich  and  lean  ga's,  the  quantity  of  rich  gas  made  being  determined 
by  the  demand  for  this  gas  to  supply  the  St.  Paul  Gas  Light  Co. 
Most  of  the  lean  gas  is  used  for  heating  the  batteries,  but  a  small 
amoimt  is  available  as  boiler  fuel.  The  batteries  are  constructed 
with  a  cross  regenerator  system,  so  designed  that  preheated  pro- 
ducer gas  may  be  used  for  heating,  if  desired.  But  no  producers 
have  as  yet  been  installed  at  the  plant,  since  there  is  ample 
sitrplus  gas  to  supply  the  local  demand. 

During  the  test  period  it  was  desired  to  operate  the  batteries  so 
that  the  best  possible  quality  of  coke  would  be  produced  from  this 
coal,  but  certain  limitations  on  the  operation  were  imposed  by  the 
fact  that  it  was  necessary  to  maintain  the  quantity  and  quality  of 
rich  gas  -which  was  supplied  to  the  St.  Paul  Gas  Light  Co.  for  its 
city  service.  This  limitation  made  it  impracticable  to  make  the 
rate  of  coking  slower  than  that  used.  All  of  the  restuls  obtained 
are,  therefore,  somewhat  less  favorable  in  quality  of  coke  and  yield 
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of  certain  by-products  than  the  company  would  have  obtained  if 
they  had  been  entirely  free  to  adjust  the  plant  operation  as  desired. 
During  the  entire  period  of  the  test,  including  a  few  hours 
before  the  first  coal  was  charged  and  a  considerable  period  after 
the  last  of  the  test  coal  went  into  the  ovens,  all  of  the  battery 
operations  were  under  observation.  From  three  to  five  Govern- 
ment representatives  were  present  on  the  battery  for  each  shift. 
These  observers  made  a  careful  record  of  the  time  of  charging 
and  pushing  the  ovens.  They  noted  the  temperature  and  general 
condition  of  the  ovens  when  empty  and  recorded  any  variations 
from  the  normal  routine  in  either  charging,  pushing,  cleaning  of 
flues,  and  other  battery  work.  The  temperatures  in  the  heating 
flues  and  coal  mass  of  one  of  the  ovens  were  recorded  by  an  elab- 
orate thermocouple  outfit  described  later.  From  these  observa- 
tions, the  coking  time,  general  characteristics  of  the  hot  coke, 
uniformity  of  oven  operation,  and  other  characteristics  of  the 
battery  operation  could  be  computed  or  estimated. 

3.  COKE  HANDLING  AND  SCREENING  SYSTEM 

The  coke  was  pushed  from  the  ovens  into  the  usual  type  of  hot- 
coke  car  and  was  quenched  for  about  one-half  minute  in  a  typical 
quenching  station  located  approximately  450  feet  down  the  track 
from  the  battery.  After  draining  for  three  to  four  minutes,  the 
coke  was  delivered  on  the  wharf,  from  which  it  was  fed  on  to  the 
belt  conveyor  by  a  typical  gate  and  rotary  feeder  system.  During 
the  test,  two  different  systems  of  screening  were  used  as  follows: 

Screening  System  No.  i. — The  coke  was  delivered  by  the  con- 
veyor over  an  inclined-bar  grizzly  screen  in  the  first  station. 
This  screen  was  about  5  J^  feet  long,  4  feet  wide,  and  consisted  of 
I -X  inch  bars  spaced  from  i^to  ij!^  inches.  The  oversize  was 
delivered  in  the  railroad  cars  and  weighed  as  furnace  coke.  The 
undersize  delivered  on  a  second  belt  conveyor  was  carried  to  a 
second  screening  station,  where  it  passed  through  an  inclined, 
rotary,  cylindrical  screen,  the  first  half  of  which  consisted  of  fl- 
inch square  perforations,  and  the  second  half  i^-inch  square 
perforations.  The  material  passing  through  the  |^-inch  perfora- 
tions was  rescreened  on  a  ^-inch  shaker  screen  to  separate  the 
breeze  and  pea  sizes  of  coke.  The  material  passing  through  the 
i3/|-inch  perforations  was  called  nut  coke,  and  that  passing  over 
the  I  ^-inch  perforations  was  classified  as  stove  coke.  The  breeze, 
pea,  nut,  and  stove  sizes  were  separately  loaded  in  railroad  cars 
and  weighed  before  shipment  or  storage.     Nut  and  stove  sizes, 
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as  delivered  from  their  respective  bins,  passed  over  shaker  feeders 
before  going  into  the  railroad  cars.  The  pea  and  breeze  sizes 
were  thus  very  completely  eliminated  from  these  two  domestic 
sizes. 

Since  the  separation  of  furnace  coke  by  the  inclined-bar  grizzly 
in  the  first  screening  station  was  not  considered  satisfactory, 
because  the  screen  was  not  large  enough  to  handle  the  quantity 
of  coke  passing  over  it  and  make  a  good  separation,  a  change 
was  made  after  three  days  of  the  test  to  the  second  system  which 
was  as  follows : 

Screening  System  No.  2. — The  inclined-bar  grizzly  in  the  first 
screening  station  was  discarded  and  replaced  by  a  2^2 -inch  rotary 
grizzly,  the  oversize  of  which  was  delivered  directly  into  railroad 
cars  as  foundry  or  large  furnace  coke.  The  coke  passing  through 
the  first  rotary  grizzly  was  carried  to  the  second  screening  sta- 
tion where  it  passed  over  a  second  rotary  grizzly  set  at  ij>8  inches. 
The  oversize  of  this  second  grizzly  was  designated  as  small  furnace 
coke.  The  material  passing  through  the  second  grizzly  was 
separated  by  the  rotary  cylindrical  screen  and  sized  exactly  as 
in  the  first  system.  The  fmnace  coke  from  the  first  system  and 
both  sizes  of  furnace  coke  from  the  second  system,  after  being 
weighed,  were  stocked  in  a  pile  at  the  plant  during  the  test  period 
so  that  they  were  subsequently  available  for  a  blast-furnace  test, 
as  described  later.  The  stove,  nut,  and  pea  sizes  were  sold  for 
domestic  fuel,  as  is  customary  from  this  plant.  The  breeze 
produced  was  used  as  boiler  fuel  at  the  plant,  following  the  regular 
practice.  The  hot  coke  as  pushed  from  the  ovens  was  observed 
in  order  to  know  the  termperature  and  general  performance  of 
each  oven,  and  each  lot  was  again  observed  after  quenching  and 
dumping  on  the  wharf.  By  these  observations  a  very  complete 
idea  of  battery  performance  was  obtained.  These  observations 
are  summarized  later  in  this  report. 

Each  size  of  coke  was  carefully  sampled  for  analysis  and  for 
determination  of  moisture  content  in  order  to  correct  to  true 
weight  at  the  time  it  was  loaded  in  the  railroad  ckrs.  Complete 
summaries  of  the  methods  of  sampling,  analysis,  and  the  results 
obtained  are  given  in  the  third  part  of  this  report. 

4.  GAS-HANDLING  SYSTEM 

The  rich  and  lean  gases,  separated  according  to  the  system 
described  above,  were  collected  in  separate  mains  and  handled  by 
separate  systems  throughout  the  remainder  of  the  plant.     Typical 
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flushing  mains,  bridge  mains  equipped  with  pressure  regulators, 
tar  sumps,  etc.,  were  arranged  to  convey  the  gas  from  the  battery 
to  the  primary  coolers  which  were  of  Koppers  water-cooled  tube 
type.  The  gas  was  drawn  through  the  primary  coolers  by  the 
exhausters,  forced  from  this  point  through  a  typical  P.  and  A. 
tar  extractor,  reheater,  and  saturator,  which  together  make  up 
the  usual  Koppers  type  by-product  and  direct  sulphate-recovery 
apparatus.  From  the  sulphate  saturators,  the  gas  passed  through 
the  final  coolers  to  the  light-oil  scrubbers,  and  thence  to  the 
storage  holders  from  which  the  rich  gas  was  pumped  to  the  city 
and  the  lean  gas  used  either  for  heating  the  battery  or,  when  there 
was  surplus,  as  boiler  fuel.  As  an  indication  of  the  general  plant 
practice,  the  following  typical  temperatm-es  of  the  gas  at  different 
stages  of  cooling  and  purification  are  of  interest.        Approximate 

temperature,  °  C 

Inlet  to  primary  coolers 80-85 

Outlet  of  primary  coolers 25-26 

Outlet  of  tar  extractors 37-38 

Outlet  of  reheater 65 

Outlet  of  final  cooler 25 

The  volume  of  gas  used  for  each  purpose  in  the  plant  and  the 
quantity  sold  to  the  St.  Paul  Gas  Light  Co.  were  measured  and 
regular  tests  for  heating  value,  specific  gravity,  chemical  analysis, 
and  other  important  characteristics  were  made.  These  results 
are  presented  in  Part  IV  of  this  report. 

5.  TAR  AND  AMMONIA  RECOVERY 

In  order  to  maintain  proper  operation,  tar  was  continuously 
circulated  in  the  collecting  mains,  and  therefore  the  system  at 
all  times  contained  a  considerable  quantity  of  material.  At  the 
beginning  and  end  of  the  test  careful  observation  was  made  as  to 
the  quantity  of  tar  and  liquor  in  circulation  in  order  to  determine 
that  exactly  the  same  amoimt  of  these  materials  was  present  in 
each  case. 

The  tar  produced  during  the  test  was  collected  in  the  usual  tar- 
circulating  tank,  from  which  it  was  pumped  to  a  separator  tank 
about  1 8  feet  in  diameter  and  30  feet  high.  Here  the  liquor  and 
tar  were  separated  by  the  difference  in  gravity,  the  liquor  flowing 
over  the  top  of  the  tank  into  its  storage  tank,  and  the  tar  being 
siphoned  from  the  bottom  into  two  200  000-gallon  storage  tanks. 
To  supplement  the  practically  complete  separation  thus  accom- 
plished, facilities  were  arranged  for  drawing  off  any  liquor  sub- 
sequently coming  to  the  surface  of  the  tar  during  storage  and 
for  pmnping  any  tar  settling  to  the  bottom  of  the  liquor-storage 
tank. 


The  Coking  of  Illinois  Coal  ii 

During  the  test  daily  inventory  was  taken  of  the  quantity  of  the 
tar  and  liquor  in  stock,  accurate  weights  and  specific  gravities  of 
tar  shipments  were  recorded,  and  other  necessary  arrangements 
made  to  permit  acciurate  determination  of  the  quantities  of  these 
materials  produced. 

It  was  the  intention  during  the  test  to  produce  only  ammonium 
sulphate  and  maintain  the  minimum  practicable  supply  of  am- 
monia liquor.  However,  a  slight  variation  in  the  quantity  of 
liquor  at  the  beginning  and  end  of  the  test  inevitably  resulted,  and 
appropriate  correction  for  this  difference  in  inventory  was  made 
and  appears  in  the  record  of  results  reported  later.  Samples  of 
the  tar  liquor  and  sulphate  were  taken  for  analysis  regularly,  so 
that  the  quality,  as  well  as  the  quantity  of  these  materials  would 
be  a  matter  of  record. 

The  sulphate  delivered  from  the  saturators  into  wheelbarrows 
was  weighed  as  it  was  conveyed  from  the  satinator  room  to  the 
storage  pile.  Representatives  of  the  test  party  either  made  or 
checked  all  of  these  weighings,  and  samples  were  taken  from  each 
centrifuge  lot  of  sulphate  made  for  determination  of  moisture, 
ammonia,  and  free  acid.  The  scale  upon  which  the  sulphate  was 
weighed  had  been  examined  and  adjusted  by  the  Bureau  of 
Standards'  scale  experts  in  advance  of  the  test. 

6.  LIGHT  OIL  RECOVERY 

The  light  oil  recovery  equipment  consisted  of  two  pairs  of  stand- 
ard Koppers  hurdle-type  scrubbing  units.  The  benzolized  wash 
oil  produced  in  t-hese  scrubbers  was  handled  by  a  complete  modem 
Koppers  type  light  oil  plant,  equipped  for  the  production  of  pure 
products. 

The  quantity  of  light  oil  in  the  gas  at  the  inlet  of  the  scrubbers 
was  determined  daily,  and  the  light  oil  from  the  gas  at  the  outlet 
was  also  determined  by  the  company's  representatives.  All  of  the 
light  oil  produced  was  collected  for  each  24-hour  period  in  separate 
collecting  tanks,  and  from  these  tanks  accurarely  measured  into 
the  storage  tank. 

Every  precaution  was  taken  to  avoid  complicating  the  operation, 
and  the  company  during  the  period  of  the  test  did  not  handle  any 
light  oil  except  that  produced  from  the  test  coal,  although  it  is 
customary  to  handle  light  oil  from  outside  sources  as  a  part  of 
their  regular  operation. 

Samples  were  taken  from  each  day's  make  of  light  oil  and  ana- 
lyzed by  approximate  methods  immediately,  and  later  complete 
accurate  tests  were  carried  out  both  at  the  Bureau  of  Standards 
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and  by  The  Koppers  Co.  laboratories.  All  of  the  methods  of  meas- 
urement, sampling,  and  analysis,  together  with  results  are  given 
in  Part  IV  of  this  report. 

PART  III.  COAL  USED  AND  COKE  OBTAINED 

1.  COAL 

The  coal  used  in  the  test  consisted  of  approximately  7600  tons 
from  the  Orient  mine  of  the  Chicago,  Wilmington  &  Franklin  Coal 
Co.,  located  at  Orient  in  the  south  central  part  of  Franklin  County, 
HI.  The  coal  was  apparently  clean  and  very  well  screened;  the 
impurities  consisted  of  a  small  amount  of  pyrite,  mostly  in  the  form 
of  thin  layers,  calcite,  mother  of  coal,  and  shale.  The  shipment 
comprised  159  cars  of  the  following  sizes: 

50  cars  "  lump, "  over  a  6-inch  screen. 

52  cars  "furnace,"  through  a  6-inch  and  over  a  3-inch  screen. 
27  cars  "small  egg, "  through  a  3-inch  and  over  a  2-inch  screen. 
30  cars  "stove,"  through  a  2-inch  and  over  a  i,'/2-inch  screen. 

All  but  four  of  these  cars  were  crushed  and  used  in  the  quanti- 
tative test.  One  car  of  the  stove  size  and  tliree  cars  of  fiunace 
size  were  reserved  for  special  tests  of  mixttu-es  of  Illinois  with 
other  coals. 

Sampling  Coal  at  Mi-ne. — A  sample  of  the  coal  was  collected  at 
the  mine  during  loading  by  a  representative  of  the  Bm-eau  of 
Mines.  One  gross  sample  representing  the  entire  shipment  was 
crushed  and  mixed  according  to  the  method  described  in  the 
Bureau  of  Mines'  Technical  Paper  133,'  and  two  sample  cans  were 
filled,  sealed,  and  mailed  to  the  Pittsburgh  laboratories  of  the 
Bm-eau  of  Mines  for  analysis.  The  results  of  the  analyses  of  this 
sample  are  given  in  Table  i . 


TABLE  1. 

—Analysis  of  Mine  Sample  of  Coal 

Coal  as 
received 

Calculated 
lor  mois- 
ture-free 
coal 

7.35 
36.70 
47. 8« 

8.07 

1.02 

5.35 
69.00 

1.57 
14.99 

6758 
12  164 

Volatile  matter  

do 

39.61 

do 

51.68 

Ash 

do.... 

8.71 

Sulphur 

do.... 

1.10 

do 

4.89 

Carbon 

do.... 

74.47 

Nitrogen 

do.... 

1.69 

Oxygen 

do 

9.14 

Heating  value: 

7294 

British  thermal  iinltR     ....                  

13  129 

*  Pope,  G.  S.,  Directions  for  Sampling  Coal  for  Shipment  or  Delivery.  Technical  Paper  133,  15  pages. 
Bureau  of  Mines;  1917. 
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Size  of  Crushed  Coal. — The  coal  was  crushed  at  the  plant  a3 
described  in  an  earlier  section.  The  intention  \vas  to  get  the  coal 
as  fine  as  was  feasible  with  the  apparatus  available.  The  fineness 
of  the  coal  as  used  is  shown  by  the  results  of  two  sieving  tests, 
presented  in  Table  2. 

TABLE  2.— Sizes  of  Crushed  Coal 
[Results  with  Tyler  sieves] 


Opening 

Percentage  through  sieves  (cumu- 
lative) 

Mesh 

Sample 
No.  1— Date 
of  crushing 

Sept.  29, 
1918 

Sample 
No.  2— Date 
of  crushing 
Oct.  4, 1918 

Average 

4             

Inches 

0.185 
.065 
.0328 
.0116 
.0058 
.0029 

96.4 
68.2 
45.0 
■  21.9 
11.5 
5.9 

94.5 
64.5 
43.5 
21.5 
11.6 
6.4 

95.5 

10                            

66.4 

20                                                                   

44.3 

48 

21.7 

100.                       

11.6 

200                    

6.2 

Sampling  Coal  at  Plant. — A  gross  sample  of  about  1200  pounds 
of  crushed  coal  was  made  up  each  day,  taking  equal  portions  of 
the  material  from  the  conveyor  belt  at  stated  intervals.  This 
gross  sample  was  reduced  and  prepared  for  the  laboratory  accord- 
ing to  methods  described  in  Bureau  of  Mines  Technical  Paper  133. 
The  analyses  of  these  daily  samples  of  crushed  coal  are  given  in 
Table  3. 

2.  BATTERY  OPERATION  AND  COKE  HANDLING 

Coal  Charges. — The  coal  charged  into  each  oven  was  weighed  in 
the  larry  car,  and  these  weights  were  corrected  for  scale  error  by 
comparison  of  the  total  with  the  total  weight  of  coal  shown  by 
the  track  scale.  Thus  the  amoimt  of  coal  used  each  day  was  accu- 
rately known  as  a  basis  for  calculating  by-product  yields.  In 
Table  4  are  given  the  test  data  for  each  of  the  nine  days  during 
which  test  coal  was  used.  In  this  table  the  data  for  dry  coal  are 
calculated  on  the  assumption  that  the  average  amovint  of  water 
was  present  in  the  coal  as  charged.  This  is  permissible  since  the 
percentage  of  moisture  was  very  uniform  throughout  the  whole 
test  period,  as  shown  by  the  data  in  Table  3. 
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TABLE  3.— Analyses  of  Coal  Samples  Collected  at  Plant 

COAL  AS  CHARGED 


Daily  sample  number 

Com- 
posite 
sample 

1 

2 

3 

4 

5 

6 

7 

Moisture per  cent . . 

Volatile  matter do 

Filed  carbon do 

Ash do.... 

Sulphur do 

8.00 
34.47 

48.77 
8.76 

1.14 

8.14 
34,83 
47.78 

9.25 

1.04 

8.30 
34.66 
48.07 

8.97 

1.03 

8.25 
34.34 
48.26 

9.15 

1.12 

7.49 
35.62 
48.51 

8.38 

1.10 

7.53 
35.39 
48.11 

8.97 

1  01 

8.31 
35.04 
47.46 

9.19 

1.02 

8.07 
34.66 
48.38 

8.89 

1.04 
5.32 

67.51 

1.49 

15.75 

Sulphur  In  fixed  carbon  from  vola- 
tile determination per  cent. . 

Heating  value; 

.53 

6702 
12  064 

.55 

6632 
11  938 

.51 

6643 
11  957 

.52 

6645 
11  961 

.52 

6781 
12  206 

.44 

6704 
12  067 

.49 

6638 
11  948 

.51 
6677 

British  thermal  units 

12  019 

CALCUI 

ATED 

FOR  M 

OISTtn 

tE-FRE 

E  COAI 

Volatile  matter per  cent.. 

37.47 

53.01 

9.52 

1.24 

37.92 
52.01 
10.07 

1.13 

37.80 
52.42 
9.78 

1.12 

37.43 
52.60 
9.97 

1.22 

38.51 

52.43 

9.06 

1.19 

38.27 
52.03 
9.70 

1.09 

38.21 
51.77 
10.02 

1.11 

37.70 

Filed  carbon do 

Ash do.... 

Sulphur do 

52.63 
9.67 

1.13 
4  81 

73.44 

Nitrogen do 

1.62 

9.33 

Sulphur  in  fixed  carbon  from  vola- 
tile determination per  cent.. 

Heating  value: 

Calories 

British  thermal  units 

.58 

7285 
13  113 

.60 

7220 
12  996 

.56 

7244 
13  039 

.57 

7242 
13  036 

.56 

7330 
13  1S4 

.48 

7250 
13  050 

.53 

7239 
13  030 

.55 

7263 
13  073 

Coking  Time. — The  time  of  a  complete  cycle  of  coking  opera- 
tions— i.  e.,  from  one  charge  to  the  next  charge  in  the  same  oven — 
is  called  the  "gross"  coking  time.  A  portion  of  this  total  period 
is,  of  course,  used  in  opening,  pushing,  closing,  and  recharging  the 
oven.  The  short  time  needed  for  these  operations  was  taken  for 
each  oven  as  the  interval  between  the  pushing  of  one  charge  of 
coke  to  the  closing  of  the  lids  on  the  succeeding  charge  of  coal; 
this  amotmted  to  about  22  minutes  on  the  average.  Deducting 
the  operating  time  from  the  gross  coking  time  gave  the  time  that 
the  coal  mass  was  actually  in  the  oven,  reported  as  "net"  coking 
time.     These  data  are  given  in  Table  4. 

Amperage  to  Push. — No  consecutive  record  was  maintained  of 
the  cturent  necessary  to  push  the  oven  charges.  However,  suf- 
ficient data  were  obtained  to  show  that,  in  general,  the  charges 
pushed  easily,  though  not  as  easily  as  with  the  usual  coal  mixture. 
With  the  pusher-ram  motor  operating  on  current  at  240  volts, 
it  generally  required  from  180  to  250  amperes  to  start  the  charge 
and  from  120  to  180  amperes  to  keep  it  moving;  in  an  occasional 
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oven  the  amperage  required  to  start  the  charge  amounted  to  from 
300  to  350,  with  200  to  300  amperes  required  to  keep  it  moving. 
A  very  few  of  the  charges  stuck,  so  that  it  was  impossible  to  push 
the  charge  out  before  the  circuit  breaker  acted;  as  high  as  550 
amperes  were  noted  in  one  or  two  of  these  cases.  One  charge  in 
particular,  oven  No.  49,  on  September  29,  gave  a  great  deal  of 
trouble;  three  attempts  were  made  to  push  the  charge  before  it 
was  possible  to  clear  the  oven.  However,  in  no  case  was  it  neces- 
sary to  rake  or  dig  the  coke  from  the  ovens. 

Appearance  of  Hot  Coke  as  Pushed  from  the  Ovens. — Effort  was 
made  to  observe  the  appearance  of  the  coke  as  it  was  pushed  from 
each  oven,  although  it  was  not  possible  in  every  case  to  accom- 
plish this.  One  factor  which  enters  largely  into  interpreting  the 
results  noted  is  the  question  of  individual  judgment,  for  there  is 
no  standard  with  which  the  appearance  can  be  compared  and 
only  a  short  space  of  time  is  available  in  which  to  form  any  definite 
conclusions.  The  following  were  the  principal  features  noted  after 
considering  all  of  the  notes  made  at  the  time  the  ovens  were 
pushed : 

TABLE  4.— Coal  Charges  and  Coking  Time 


Day  beginning  at  8  a.  m. 


Sept.  27 

Sept.  28 

Sept.  29 

Sept.  30 

Oct.  1 

Oct.  2 

Oct.  3 

Oct.  4 

Oct.  5 

Total  or  average 


Ovens 
charged 


Coal  charged 


.  A^    .  I      Dry 
charged 


Charge  per  oven 


A3 

charged 


Tons 

324.0 
1081.  9 

996.6 

976.2 
1054. 4 
1022. 0 
1015.4 
1027.  7 

187.5 


Tons 

297.8 
994.6 
916.2 
897.5 
969.3 
939.5 
933.5 
944.7 
172.4 


7685. 6 


7065. 4 


Tons 

12.46 
12  73 
12.78 
12.68 
12.86 
12.77 
12.85 
12.69 
12.50 


12.75 


Dry 


Tons 

11.46 
11.70 
11.75 
11.66 
11.82 
11.74 
11.82 
11.86 
11.49 


11.72 


Coking  time 


Gross 


b.  m. 

18  34 

19  48 
19  44 
19  49 
19  17 
19  30 
19  25 
19  40 
19  34 


19    33 


Net 


h.  m. 

18  17 

19  25 
19  23 
19  26 

18  55 

19  12 
19  02 
19  16 
19  12 


The  top  of  the  coke  mass  was,  as  usual,  colder  than  the  rest  of 
the  charge.  In  fact  this  condition  was  somewhat  exaggerated 
during  the  test  as  it  was  impracticable  to  adjust  the  battery  for 
the  best  use  of  the  leaner  gas  from  the  Illinois  coal  when  this 
was  to  be  used  for  so  short  a  period.  From  the  level  of  the 
horizontal  flue  in  the  heating  wall  down  to  the  bottom  of  the 
oven  the  coal  was  usually  thoroughly  coked;  and  in  general  the 
heats  were  uniform  for  the  entire  length  of  the  charge.  From  a 
number  of  the  charges  some  uncoked  material  remained  in  the 
center  of  the  charge  at  the  level  of  the  horizontal  flue. 
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From  most  of  the  charges  a  large  amount  of  smoke  and  flame 
arose  as  the  coke  was  pushed  from  the  oven;  this  was  especially 
noticeable  in  cases  where  uncoked  material  remained  at  the  level 
of  the  horizontal  flue.  The  overhang  of  the  coke  as  it  fell  from 
the  coke  guide  into  the  quenching  car  was  irregular;  on  the  coke 
side  it  ranged  from  12  to  24  inches  while  on  the  pusher  side  the 
coke  frequently  showed  signs  of  crumbling.  Immediately  ahead 
of  the  pusher  ram  the  charge  generally  crumbled,  thus  causing  a 
great  deal  of  fine  coke.  A  distinct  line  of  cleavage  was  noted 
through  the  center  of  the  charge  in  almost  all  cases. 

Appearance  of  Coke  on  Wharf  and  in  Cars. — The  coke  on  the 
wharf  was  ver^"  irregular  in  size,  but  on  the  average  the  pieces 
were  distinctly  smaller  than  for  the  average  by-product  coke 
mixttu'es.  There  was  no  tendency  to  blockiness  and  very  few 
pieces  were  as  large  as  6  inches  in  each  dimension.  The  material 
was  decidedly  lighter  than  the  average  by-product  oven  coke, 
weighing  only  about  23  pounds  per  cubic  foot.  The  color  varied 
somewhat,  but  in  general  the  furnace  size  was  of  a  dark  silver 
color. 

The  coke  had  a  decided  longitudinal  fracture  and  many  of  the 
pieces  before  reaching  the  wharf  were  broken  up  into  fingers. 
Even  the  larger  pieces  showed  a  tendency  to  fingering,  and  by 
completion  of  the  decided  longitudinal  fracture  generally  these 
broke  into  several  smaller  pieces  before  reaching  the  cars.  There 
was  no  apparent  cross  fracture,  but  the  brittleness  of  the  long 
fingers  was  such  that  these  frequently  broke  into  shorter  pieces 
dxuing  handling. 

In  the  railroad  cars  the  furnace  size  from  screening  system 
No.  I,  in  which  a  iX-^iich  incHned-bar  grizzly  screen  was  used, 
consisted  mainly  of  small  fingers  from  i  by  2j^  inches  up  to  a 
maximum  of  about  2  by  6  inches.  There  were  very  few  blocky 
pieces  about  2%  hy  2,14  inches.  The  oversize  of  the  2^ -inch  rotary 
grizzly,  used  in  screening  system  No.  2,  in  the  cars  was  about 
half  fingery  and  half  blocky  coke,  averaging  much  larger  than  from 
screening  system  No.  i.  The  small  furnace  size  from  this  second 
system,  through  the  2%  inch,  but  over  the  iH-inch  rotary  grizzly, 
averaged  about  2  by  2K  inches.  The  great  difference  in  size 
between  the  coke  on  the  wiiarf  and  alter  loading  in  the  cars  shows 
the  decided  tendency  to  breakage  during  handling. 

The  cells  of  the  coke  were  small  and  regular  and  in  general  of  a 
structure  indicating  suitable  characteristics  for  furnace  use. 
There  was  no  sponge  formed,  but  there  was  a  decided  tendency 
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to  form  a  pebbly  seam  at  a  distance  of  2  to  6  inches  from  and,  in 
general,  parallel  to  the  oven  wall.  This  seam  appeared  only  in 
a  part  of  the  pieces  in  which  it  formed  an  incipient  cross  fracture. 
In  general  there  were  no  pebbly  seams  in  the  coke  at  the  bottom 
of  the  oven.  The  small  amount  of  pebbly  mass  noted  seemed 
to  come  from  the  top  and  center  of  the  oven  in  the  form  of  small, 
loosely  cemented  lumps  of  material  which  were  readily  crumbled 
in  the  hands.  Although  the  coal  contained  considerable  "  mother 
of  coal,"  there  was  ver}'  little  evidence  of  foreign  matter  in  the 
coke,  probably  because  of  the  fineness  to  which  the  coal  was 
crushed. 

3.  HIGH-TEMPERATURE  MEASUREMENTS 

High-temperature  measurements  were  made  continuously  for 
several  days  during  the  test  period  in  order  to  give  an  accurate 
idea  of  the  operating  conditions  of  the  battery.  Records  were 
taken  of  the  temperature  in  the  oven  walls,  regenerators,  waste- 
heat  fiues,  in  the  coal  mass,  and  in  the  vapor  above  the  coal. 
Measurement  of  high  temperatures  in  a  by-product  coke  oven 
is  attended  with  great  difficulty  because  of  the  inaccessibility  of 
certain  points  where  temperature  measurements  are  desirable 
and  because  of  the  limited  variety  and  high  cost  of  apparatus 
which  can  be  used  for  these  purposes.  The  results  obtained 
from  the  measurements  reported  below  are  sufficient,  however, 
to  give  an  accurate  idea  of  the  range  and  average  temperature 
maintained  at  the  important  points  in  the  heating  system. 

Methods  and  Apparatus. — Pyrometers  were  installed  in  the 
heating  walls  and  flues  through  observation  openings  on  the  top 
or  side  of  the  chamber  in  which  the  temperature  measurements 
were  to  be  made.  The  couples  for  measuring  coal  and  vapor 
temperatures  were  introduced  into  the  oven  space  through  holes 
bored  in  the  charging  lids.  Shortly  before  pushing  the  oven 
these  couples  were,  of  course,  withdrawn. 

Platinum-rhodium  thermocouples  were  used  where  the  tem- 
peratures were  above  1000°  C.  These  couples  were  made  of  wire 
0.5  mm  in  diameter  protected  by  glazed  porcelain  tubes  made 
specially  for  this  work.  The  lower  temperatures  in  the  waste- 
heat  flues  and  the  temperatures  of  the  coal  mass  were  measured 
with  base  metal  thermocouples  made  of  No.  8  gage  wire,  one 
element  being  chromel,  the  other  alumel,  two  patented  alloys. 
These  couples  were  insulated  with  fire-clay  tubes  and  protected 
by  wrought-iron  pipes  closed  at  the  lower  end  by  welding. 
125741°— 19 3 
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Since  it  had  been  determined  in  previous  work  that  the  mass 
of  coal  charged  into  an  oven  quickly  reaches  ioo°  C  and  remains 
at  this  temperatiu^e  for  many  hoVu^s  after  charging,  the  couples 
for  measuring  the  temperature  of  the  coal  mass  were  not  intro- 
duced for  several  hours  after  the  charge.  This  practice  was 
entirely  satisfactory'  and  had  the  particular  advantage  that  the 
thermocouples  were  much  less  contaminated,  and  therefore 
more  accurate,  when  used  for  a  shorter  period.  Even  with  this 
practice  the  protection  tubes  could  be  used  only  once,  but  the 
couples  could  be  used  for  two  charges  before  serious  contamination 
occurred. 

The  temperatures  indicated  by  the  thermocouples  were  auto- 
matically recorded  by  potentiometer-type  recorders  made  by 
the  Leeds  &  Northrup  Co.     The  couples  were  connected  with 
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Fig.  3. — Average  temperature  of  heating  uaU.  showing  effect  of  charging  and  pushing 
Temperature  recorded  7  feet  below  top  of  battery  between  ovens  No.  3  and  No,  3 

compensating  leads  to  a  junction  box  and  through  a  cold  junction, 
which  was  bvnied  in  the  ground  to  secure  imiformity  of  tem- 
perature, to  the  recorders.  The  record  made  by  the  recorder 
was  checked  at  appropriate  intervals  with  a  portable  potenti- 
ometer. The  couples  were  calibrated  before  use  in  the  pyrometer 
laboratory'  of  the  Bureau  of  Standards  and  were  again  tested  at 
the  conclusion  of  the  test  for  indications  of  any  departure  from 
their  original  calibration.  Some  of  the  base-metal  couples  used 
in  the  coal  showed  a  slight  variation,  which  may  have  introduced 
an  error  of  i  per  cent  in  the  original  millivolt  readings,  but  this 
would  correspond  to  a  discrepancy  of  only  io°  C  at  the  maximum. 
The  probable  error  was  much  less  than  this,  and  therefore  any 
discrepancy  on  this  score  can  be  regarded  as  wholly  negligible. 
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A  complete  survey  of  temperature  conditions  through  the 
entire  battery  was,  of  course,  impossible,  but  representative 
points  were  chosen  and  the  following  results  are  typical  of  all 
operations.  During  the  period  of  the  test  certain  optical  pyrom- 
eter measurements  were  made  by  the  company  engineers,  which 
confirmed  the  fact  that  the  locations  chosen  for  our  regular 
measurements  were  typical. 

Heating-Wall  Temperatures. — Two  series  of  temperature  meas- 
urements were  taken  in  the  heating  wall  between  ovens  Nos.  2 
and  3  with  rare-metal  couples  7  feet  long,  one  introduced  in  the 
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Fig.  4. — Typical  healing  wall  temperature,  showing  effect  of  reversals 
Temperature  determined  at  point  7  feet  below  top  of  battery 

seventh  flue  from  the  pusher  end,  the  other  in  the  fourteenth 
flue.  The  average  temperatiu-es  for  several  days'  observations 
at  these  points  were  as  follows : 
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The  temperatiure  was  taken  at  one-minute  intervals  over  a  period 
of  several  hours  on  one  of  these  couples  in  order  to  determine  the 
magnitude  of  the  temperature  variation  diuing  reversal  of  direc- 
tion of  gas  burning.  The  mean  variation  was  found  to  be  about 
75°  C.     As  an   indication  of  the  general  trend  of  heating- wall 
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temperatures  before,  during,  and  after  charging  the  adjoining 
oven  the  curve  showing  the  general  trend  of  temperature  at  this 
point  is  given  in  Fig.  3.  These  temperatures,  of  course,  are  not 
as  high  as  prevail  in  certain  parts  of  the  wall  refractory;  for 
example,  at  the  lower  regulating  brick  near  the  air  port,  where 
the  maximum  temperature  is  reached. 

To  show  the  effect  of  gas  and  air  reversal  on  the  temperature 
in  the  heating  wall,  the  curve  of  Fig.  4  is  given.  In  this  coimec- 
tion  it  is  interesting  to  note  that  the  gas  was  off  about  55  seconds 
during  each  reversal,  amounting  to  3  per  cent  of  the  entire  time. 
This  interval  gives  ample  opportunity  for  the  heating  system  to 
be  swept  clear  of  products  of  combustion  before  the  fuel  gas  is 
introduced,  and  thus  the  gas  ignites  at  once  and  bums  completely. 
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Regenerator  Temperature. — Over  the  checker-brick  in  the  right 
half  of  the  regenerator  under  oven  No.  3  at  the  coke  end  54  inches 
in  from  the  face  of  the  regenerator  wall  a  rare-metal  couple  gave 
the  following  temperature  indications : 

September  30 "34 

October  i ii37 

October  2 1146 

October  3 '^'^%i 


Averse. 
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The  variation  in  temperature  during  reversal  of  direction  of  gas 
burning  was  about  55°  C  at  this  point. 

Temperature  in  Waste-Heat  Flues. — Temperature  measurements 

were  taken  5  feet  down  below  a  manhole  at  the  junction  of  the 

waste-heat  tunnels  from  the  two  laatteries.     The  results  were  as 

follows : 

•c 

October  i 274 

October  2 272 

October  3 269 
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Another  pyrometer  in  this  flue  a  short  distance  from  the  point 
of  the  observations  indicated  that  the  temperature  of  the  products 
close  to  battery  B  was  approximately  20°  higher  than  the  above 
indications. 

Temperature  in  Coal  Mass. — Temperature  measurements  were 
made  in  four  consecutive  charges  of  coal  in  oven  No.  3,  begin- 
ning with  the  charge  introduced  at  10  a.  m.,  September  30. 
Readings  were  taken  with  couples  10  feet  long  introduced,  as 
nearly  as  possible  midway  between  the  oven  walls  through  charg- 
ing lids  1,2,  and  3,  cotmting  from  the  pusher  side  of  the  battery. 
Since  in  most  cases  the  curves  were  all  very  similar  in  shape  they 
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are  all  plotted  together  in  Fig.  5.  The  two  curves  which  show 
an  earlier  rise  of  temperature  probably  represent  an  unavoidable 
placing  of  the  thermocouple  not  at  the  center  of  the  coal  mass 
but  at  a  point  somewhat  nearer  one  of  the  oven  walls.  The  one 
curve  showing  very  irregular  temperature  rise  after  the  sixteenth 
hour  is  probably  in  error  because  of  instrument  difficulty.  To 
show  the  typical  temperature  time  curve  for  this  location  the 
mean  of  the  similar  curves  is  shown  separately  in  Fig.  6.  With 
so  great  opportunity  for  irregularity  it  is  rather  surprising  to 
find  that  in  6  of  the  10  curves  the  temperature  was  the  same 
within  40  minutes  of  the  time  from  the  beginning  of  the  charge 
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Fig.  7. — Temperature  of  vapor  above  coal 
Temperature  detennmed  in  gas  space  immediately  above  coal  mass 

Temperature  in  Vapor  Above  Coal. — Short  base-metal  couples 
were  introduced  4  feet  below  the  charging  lid  nearest  the  push- 
ing end  of  oven  No.  3.  Four  curves  for  four  consecutive  charges 
are  shown  in  Fig.  7.  These  curves  give  an  excellent  idea  of  the 
temperature  to  which  the  gas  leaving  the  coal  mass  is  subjected 
just  before  it  escapes  from  the  oven,  but  of  course  these  tempera- 
tures are  not  as  high  as  those  to  which  the  vapors  have  been 
subjected  while  still  within  the  coke  mass. 

4.  COKE  YIELDS  AND  ANALYSES 

Sampling  Furnace  Coke. — The  samples  of  furnace  coke  were 
taken  from  the  belt  conveyor  as  it  was  delivered  into  the  rail- 
road cars  by  diverting  the  entire  stream  from  the  belt  at  intervals. 
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A  gross  sample  of  about  125  pounds  was  collected  from  each  car 
by  making  5  collections  of  25  pounds  each,  and  a  composite 
sample  was  prepared  representing  5  cars  by  combining  the  indi- 
vidual car  samples.  This  sample  was  quickly  crushed  to  about 
i^-inch  size,  mixed  and  worked  down  to  about  100  pounds,  in 
a  manner  similar  to  that  employed  for  the  coal  sample,  except 
it  was  not  crushed  smaller  than  i^-inch  pieces.  From  the  100- 
pound  sample  one  quarter,  or  about  20  pounds,  was  taken  as 
near  as  practicable  at  the  time  the  cars  were  taken  to  the  scales 
for  weighing,  and  the  total  moistiu-e  determined  at  the  plant 
by  drying  to  constant  weight  at  about  160°  C.  in  a  steam -coil 
drying  oven  by  the  method  described  in  Bureau  of  Mines 
Technical  Paper  148.^ 

On  every  alternate  sample  20  pounds  was  taken  and  combined 
with  similar  samples  for  apparent  specific  gravity  determination; 
three  composite  apparent  specific  gravity  samples  were  made  cov- 
ering the  period  of  the  test. 

All  the  discards  obtained  in  working  down  the  5 -car  moisture 
sample  were  kept  and  combined  with  the  discards  representing  a 
second  5 -car  moisture  sample.  This  sample  representing  10  cars 
was  crushed  and  worked  down  according  to  the  methods  recom- 
mended by  the  Bureau  of  Mines'  Technical  Paper  133  for  sampling 
coal  for  shipment  or  delivery.  A  lo-pound  sample  was  sent  to 
the  laboratory  for  analysis. 

Sampling  Domestic  Sizes  of  Coke. — ^The  samples  of  pea,  nut, 
and  stove  sizes  were  collected  in  a  manner  similar  to  that  used  in 
collecting  samples  of  furnace  coke.  Collections  of  125  pounds  per 
car  were  taken,  combined  into  one  sample,  and  stored  in  barrels 
imtil  a  gross  sample  representing  1 2  hours'  loading  was  obtained. 
The  sample  was  worked  down  for  a  moisture  sample,  in  a  manner 
similar  to  that  used  for  furnace  coke,  and  the  discards  obtained 
in  working  down  the  moisture  sample  were  kept  and  worked  down, 
also  in  a  manner  similar  to  that  used  for  furnace  coke,  for  a  10- 
pound  sample  to  be  sent  to  the  laboratory  for  analysis. 

Sampling  of  Breeze. — A  sample  representing  12  hours'  loading 
of  breeze  was  taken  and  worked  down  in  a  manner  similar  to  that 
used  for  the  samples  of  domestic  sizes,  except  crushing,  which 
was  not  necessary.  Total  moisture  was  determined  at  the  plant 
on  a  20-pound  sample  and  a  lo-pound  sample  was  sent  to  the 
laboratory  for  analysis. 

'  Fieldner,  A.  C,  and  Selvig,  W.  A.,  The  Determination  of  Moisture  in  Coke,  Technical  Paper  148,  14 
pages,  Bureau  o\  Mines,  1917. 
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Inspection  Sample. — One  barrel  of  furnace  coke,  collected  at 
mter\'als  during  the  entire  test  in  a  manner  similar  to  that  used 
in  collecting  the  furnace-coke  sample,  was  shipped  to  the  labora- 
tory as  an  inspection  sample. 

Methods  of  Analysis. — The  coal  and  coke  samples  were  analyzed 
in  the  laboratory  erf  the  Bureau  of  Mines  at  Pittsburgh  by  the 
methods  prescribed  in  the  Bureau  of  Mines'  Technical  Papers  8  ' 
and  ~6.^ 

TABLE  5. — Results  of  Proximate  Analyses  of  Coke 


FDRNACE-SIZE 

COKE 

1 

dumber  ol  cars 

represented  by 

sample 

Coke  as  loaded 

m  cars 

Calculated  for  moisture-fiee  coke 

Mois- 
ture 

Volatile 
matter 

Fixed 
carbon 

Ash 

Sulphur 

Volatile 
matter 

Fized 
carbon 

Ash 

Sulphur 

10       

Per  cent 
9.84 
7.18 
9.81 
8.28 
8.59 
7.78 

6.00 
5.10 
5.02 
5.17 
6.30 
6.8 

Per  cent 

2.32 
1.68 
1.54 
2.35 
2.72 
2.15 

2.54 
2.05 
2.54 
1.98 
2.79 

Per  cent 

75.37 
78.29 
76.47 
77.60 
76.34 
77.43 

78.86 
79.47 
78.57 
80.27 
78.50 

Per  cent 

12.47 
12.85 
12.18 
11.77 
12.35 
12.64 

12.60 
13.38 
13.77 
12.58 
12.41 

Per  cent 
0.83 
.84 
.72 
.82 
.83 
.82 

.86 
.89 
.85 
.83 
.86 

Per  cent 

2.57 
1.81 
1.71 
2.56 
2.98 
2.33 

2.70 
2.16 
2.78 
2.09 
2.98 

Per  cent 

83.60 
84.35 
84.79 
84.61 
83.51 
83.96 

83.90 
83.74 
82.72 
84.64 
83.78 

Per  cent 
13.83 
13.84 
13.50 
12.83 
13.51 
13.71 

13.40 
14.10 
14.50 
13.27 
13.24 

Per  cent 

0.92 

10 

.92 

10 

.80 

10 

.89 

10 

.92 

10 

.89 

10 

.91 

10 

.94 

11 

.90 

10                            ..^ 

.88 

7 . 

.92 

I'rn 

Composite 
sample 

7.  IS 

2.18 

77.93 

12.74 

.85 

2.35 

83.93 

13.72 

.92 

DOMESTIC  SIZES  OF  COKE 

7      

16.00 

15.70 
11.20 

8.50 
10.80 

9.10 

10.50 
10.45 
12.00 
11.70 
11.4 

2.98 
2.33 
2.25 
2.87 
2.36 
2.27 

2.86 
2.36 
2.67 
1.80 

69.52 
70.29 
74.62 
75.96 
74.48 
74.90 

73.68 
74.67 
73.52 
74.88 

11.50 
11.68 
11.93 
12.67 
12.36 
13.73 

12.96 
12.52 
11.81 
11.62 

0.74 

.80 
.84 
.85 
.81 
.86 

.81 

.81 
.81 
.79 

3.55 
2.76 
2.53 
3.14 
2.65 
2.50 

3.19 
2.63 
3.03 
2.04 

82.76 
83.39 
84.04 
83.01 
83.49 
82.39 

82.33 
83.39 
83.55 
84.80 

13.69 
13.85 
13.43 
13.85 
13.86 
15.11 

14.48 
13.98 
13.42 
13.16 

0.88 

5 

.95 

7 

.95 

5 

.93 

11 

.91 

6 

.95 

9 

.90 

7 

.90 

10 

.92 

5 

.89 

\^b 

1 

Composite 
sample 

11.51 

2.81 

73.15 

12.53 

.82 

3.18 

82.66 

14.16 

.93 

COKE  BREEZE 

3 

20.00 
12.80 
16.55 
17.55 
14.05 

5.17 
3.89 
3.92 
3.98 
3.67 

61.35 
69.52 
65.06 
64.82 
67.20 

13.48 
13.79 
14.47 
13.65 
15.08 

0.79 
.92 
.84 
.85 
.96 

6.46 

4.46 
4.70 
4.83 
4.27 

76.69 

79.73 
77.96 
78.61 
78.18 

16.85 
15.81 
17.34 
16.56 
17.55 

0.99 

3 

1  05 

3 

1.01 

3 

1.03 

1 

1.12 

Composite 
sample 

17.07 

4.06 

64.69 

14.18 

.87 

4.90 

78.00 

17.10 

1.05 

'Stanton,  F.  M.,  and  Fiddner,  A.  C,  Methods  of  Analj-zing  Coal  and  Coke.  Technical  Paper  8,  42 
pages.  Bureau  of  Mines;  1913. 

^Fieldner,  A.  C.,  Notes  on  Sampling  and  Anal>-ses  of  Coal.  Technical  Paper  76,  6r  pages.  Bureau  of 
Mines;  1914. 

a  Moisture  only  was  determined  on  this  sample,  sample  for  analysis  being  accidentally  mixed  with 
some  domestic-size  coke. 

b  Moisture  only  determined  on  this  sample,  sample  for  analysis  being  acddentally  mixed  with  some 
furnace  coke. 
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True  and  apparent  specific  gravity  determinations  of  the  fur- 
nace coke  were  made  by  the  methods  described  in  Technical 
Paper  8.  Composite  samples  representing  the  entire  output  of 
each  size  of  coke  were  prepared  at  the  laboratory  and  proximate 
and  ultimate  analyses  of  these  were  also  made. 

Results  of  Coke  Analyses  and  Tests. — The  results  of  proximate 
analyses  and  sulphur  determinations  on  the  coke  samples  are 
given  in  Table  5.  Table  6  gives  the  results  of  the  ultimate  analyses 
and  heating-value  determinations  on  the  composite  samples  of 
each  size  of  coke. 


TABLE  6.— Ultimate  Analyses  and  Heating  Value  of  Coke 


Furnace  coke 


As 
loaded 


Dry 


Domestic  coke 


As 
loaded 


Dry 


Coke  breeze 


As 
loaded 


Dry 


Carbon per  cent 

Hydrogen  do. . 

Oxygen do. . 

Nitrogen do. . 

Sulphur do . . 

Phosphorus do . . 

Ash do . . 

Heating  value: 

Calories 

British  thermal  units 


77.81 
1.17 
6.55 
.88 
.85 
.009 
12.74 


6385 
U  493 


83.80 
.41 
.20 
.95 
.92 
.010 

13.72 


6877 
12  379 


73.47 
1.67 

10.60 
.91 
.82 
.010 

12.53 


6049 
10  888 


83.03 

.44 

.41 

1.03 

.93 

.on 

14.16 


6836 
12  305 


65.68 
2.54 

15.83 
.90 
.S7 


14.18 


5453 

9815 


79.20 
.77 
.79 
1.09 
l.OS 


17.10 


6576 
U  837 


The  weight  per  cubic  foot  of  furnace  coke  was  determined  on 
one  car  of  large  furnace  coke,  and  also  on  one  car  of  small  furnace 
coke.  This  was  done  by  leveling  the  cars  and  making  the  cal- 
culations from  the  net  weights  of  coke  and  the  rated  cubic-foot 
capacity  of  the  cars. 

Apparent  specific-gravity  determinations  were  made  on  three 
composite  samples  of  furnace-size  coke  collected  as  described 
under  sampling  methods,  and  an  average  of  these  is  given  as  rep- 
resenting the  entire  lot.  A  single  composite  was  made  up  for  the 
entire  lot  and  the  true  specific  gra\'ity  determined.  The  porosity 
of  the  coke  was  calculated  from  these  results  for  apparent  and  true 
specific  gravity.  These  physical  properties  of  the  furnace  coke 
may  be  stunmarized  as  follows : 

Weight  per  cubic  foot  of  dry  coke: 

Furnace  size  from  screening  system  No.  i pounds. .  23.  4 

Large  furnace  size  screening  system  No.  2 do.  ...  22.  8 

Apparent  specific  gravity 88 

True  specific  gravity 1.85 

Porosity per  cent.  .  52.  4 

125741°— 19 i 
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Coke  Yields  and  Sizes. — The  yield  of  each  size  of  coke  as  sepa- 
rated by  the  two  screening  systems  and  for  the  entire  test  are 
given  in  Table  7. 

TABLE  7.— Coke  Yields  and  Sizes 

[Total  coal  used  7065. 4  tonsl 


Screening  system 
No.  1 

Screening  system 
No.  2 

Entire  test 

Dry 

weight 

Percent- 
age of 

total 
coke 

Dry 

weight 

Percent- 
age of 
total 
coke 

Dry 

weight 

Percent- 
age ol 
total 
coke 

Percent- 
age of 
coal 

Furnace  sizes: 

Tons 

Tons 
555.0 
666.7 

1221.7 

1057.  2 
456.5 
73.8 

1587.  5 
227.3 

18.3 
22.0 
40.3 

34.8 
15.0 

2.4 
52.2 

7.5 

Tons 

Smalls 

Total  c 

1482.  7 

120.9 
93.0 
16.1 

230.0 
81.1 

82.7 

6.7 
5.2 
.9 
12.8 
4.5 

2704.4 

1178.  1 
549.5 
89.9 

1817.5 
308.4 

56.0 

24.4 
11.4 

1.8 
37.6 

6,4 

38.3 

Domestic  sizes: 

Stove  d 

16.7 

Nut ' 

7.7 

Pea/ 

1.3 

Total 

25.7 

Breeze  9 

4.4 

Total  coke 

1793.  8 

100.0 

3036. 5 

100.0 

4830.  a 

100.0 

68.4 

c  Large  furnace  was  over  aK-inch  rotary  jrizzly. 

&  Smallfumace  %vas  through  2'j-inch  rotary  and  over  i^^-inch  rotary  jjrizzly. 

c  Total  furnace  coke  was  over  bar  grizzly  in  the  first  system  and  sum  of  large  and  small  furnace  for  the 
second  system. 

^  Stove  was  through  the  bar  grizzly  and  over  i^Ti-inch  square  mesh  for  the  6rst  screening  system,  and 
through  rv^-inch  rotary  jrrizzly  and  over  i5^-inch  square  mesh  for  the  second  system. 

*  Nut  was  through  r^'8-inch  square  mesh  and  over  K-inch  square  mesh. 

/  Pea  was  through  K-inch  me=h  and  over  3'3-inch  mesh. 

G  Breeze  was  through  ^J-;ach  mesh. 

It  is  to  be  noted  that  82.7  per  cent  of  the  drj'  coke  produced  in 
screening  system  No.  i  was  classified  as  furnace  coke,  oversize  of 
•the  il4  to  1%  inch  inclined-bar  grizzty.  As  explained  under 
description  of  screening  system  No.  i,  the  separation  of  the 
furnace  coke  by  the  inclined-bar  grizzly  was  not  considered  satis- 
factory-, as  the  screen  was  not  large  enough  to  make  a  good  separa- 
tion; the  very  high  percentage  obtained  for  furnace  size  is,  there- 
fore, not  representative.  The  total  dry  furnace  coke  was  onl}- 
40.3  per  cent  of  the  total  dry  coke  screened  during  that  part  of 
the  test  when  screening  system  No.  2  was  used.  However,  it 
should  be  noted  that  the  yield  of  stove  size  is  very  large,  34.S  per 
cent  of  the  total  coke  as  screened;  there  is  no  doubt  that  a  large 
amount  of  the  stove  size  would  have  been  included  in  the  furnace 
size  if  it  had  been  possible  to  install  a  i  yi-mch.  inclined-bar  grizzly 
screen  large  enough  to  handle  the  coke  produced  and  make  a  good 
separation. 

The  small  percentage  of  large-size  coke  obtained  together  with 
the  large  percentage  of  the  smaller  domestic  sizes  indicated  that 
it  would  not  stand  handling  and  screening  without  breaking  up 
into  smaller  pieces,  due  to  the  fingery  and  brittle  characteristics 
of  the  coke. 
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S.  SPECIAL  OVEN  TESTS 

In  order  to  study  the  effect  of  lower  temperature  and  longer  time 
of  coking  and  to  get  some  idea  of  the  value  of  certain  special  coal 
mixtures,  a  few  ovens  were  operated  under  different  conditions 
than  normal.  The  lower  temperature  trials  were  made  in  oven 
No.  I  during  the  period  of  the  test  by  cutting  down  the  quantity 
of  gas  burned  in  the  heating  walls  of  this  oven.  The  special  mix- 
tures were  made  up  at  the  end  of  the  test  period  and  tried  out  in 
one  or  more  ovens. 

Low-Temperature  'Coking  of  Orient  Coal. — Oven  No.  i  was 
changed  from  its  regular  operating  period  beginning  October  i  and 
threecharges  of  distinctly  longer  periods,  22^^,  23X1  and  25!^^  hours 
were  pushed  on  October  3,  4,  and  5,  respectively.  'The  temperature 
of  this  oven  was  from  50  to  100°  C.  lower  than  the  temperature  of 
the  remaining  ovens  in  the  battery.  The  coke  from  these  special 
tests  was  very  similar  to  that  obtained  from  the  same  coal  coked 
for  the  usual  19-hour  period  in  that  the  cell  structure  was  not 
materially  different  and  that  there  was  the  usual  small  amovmt  of 
foreign  matter  and  no  sponge.  However,  the  material  as  it  lay 
on  the  wharf  appeared  decidedly  larger  and  blockier  and  there 
was  slightly  less  of  the  pebbly  mass  or  pebbly  seam.  The  blocks 
of  coke  were  decidedly  stronger,  both  judged  by  their  action  when 
handled  and  by  the  shatter  test  described  below.  The  results  of 
this  special  work  at  lower  temperatures  were  very  closely  com- 
parable with  the  results  obtained  at  Dover,  Ohio,  when  using  the 
same  coal  in  a  jiarrower  oven  and  coking  at  a  corresponding  rate, 
measiired  in  inches  of  coke  formed  per  hour.  It  is  evident  from 
these  tests  that  stronger,  larger  coke  will  be  obtained  at  the  some- 
what lower  temperatures  used  in  this  work  than  at  the  temperature 
at  which  it  was  necessary  to  operate  during  the  "full  test  at  St. 
Paul  in  order  that  the  gas  supply  of  the  city  would  not  be  inter- 
rupted. 

Mixture  of  Orient  and  Pittsburgh  Coals. — In  order  to  study  the 
character  of  coke  produced  from  a  mixtme  of  equal  parts  of  Pitts- 
burgh and  Orient  coals,  a  single  oven  was  charged  with  this 
mixtvu-e.  Oven  No.  60  was  charged  5.30  p.  m.,  October  7,  and 
pushed  11.30  a.  m.,  October  8;  the  charge  was  25  100  pounds. 
The  coke  from  this  18-hour  test  was  thoroughly  coked,  but  the 
appearance  on  the  wharf  was  not  encouraging.  There  was  decided 
longitudinal  fracture,  indicating  the  fingery  tendency  common  to 
high-volatile  coals,  but  the  coke  was  fairly  tough.     The  cell  struc- 
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ture  resembled  that  of  Orient  coal  alone  except  in  the  upper  central 
section  of  the  oven,  where  considerable  sponge  was  formed.  There 
was  no  noticeable  cross  fracture,  but  the  irregular  shapes  showed 
that  the  breakage  of  the  material  in  regular  handling  would  prob- 
ably be  rather  high.  The  Pebbly  seam  so  frequently  noted  in  coke 
from  IOC  per  cent  Orient  coal  was  not  apparent  in  this  single  test, 
but  the  tendency  of  Pittsburgh  coal  to  produce  sponge  was  not 
counteracted  by  the  mixtiu-e. 

Mixture  of  Orient  and  Pocahontas  Coals. — A  mixture  of  25  per 
cent  Pocahontas  and  75  per  cent  Orient  coal  was  used  in  tliree 
ovens  charged  on  October  7  and  pushed  after  approximately  17 
hours  of  coking.  In  each  case  the  charge  was  about  25  200  pounds. 
The  coke  produced  under  these  conditions  was  blocky  and  on  the 
average  of  large  size,  but  the  pieces  were  very  irregular.  There 
was  no  tendency  to  finger,  but  a  decided  cross  fracture  was  shown. 
The  coke,  although  appearing  soft,  was  unusually  tough,  as  will  be 
evident  from  the  high  percentage  mibroken  in  the  shatter  test. 
The  cell  structure  was  irregular  and  the  general  appearance  of  the 
material  on  the  wharf  would  have  indicated  undercoking,  but  the 
appearance  while  hot,  as  it  was  pushed  from  the  oven,  showed  that 
this  was  not  the  fact.  The  very  small  percentage  of  tine  material 
indicated  that  an  unusually  high  percentage  of  furnace  size  would 
be  available  from  this  mixture. 

Shatter  Tests  of  Special  Cokes. — In  order  to  get  a  rough  check  on 
the  relative  strength  of  the  different  special  cokes  which  were  made, 
a  shatter  test  was  carried  out  on  each  of  the  samples.  For  this 
test  a  50-pomid  sample  of  large  pieces  of  coke  taken  from  the  belt, 
none  of  which  pieces  would  begin  to  pass  through  a  2 -inch,  square- 
mesh  screen,  were  dropped  four  times  from  a  height  of  6  feet  onto 
an  iron  plate.  '  The  pieces  of  coke  which  following  this  test  would 
not  in  any  position  pass  through  the  2-incii  screen  were  weighed 
and  their  ratio  to  the  weight  of  the  original  sample  was  taken  as 
the  "percentage  imbroken"  in  results  indicated  below. 

The  usual  foimdry  mixture  consisting  of  30  per  cent  Pocahontas, 
35  per  cent  Pittsburgh,  and  35  per  cent  Elkhom  coal  was  found  to 
give  a  result  of  68  per  cent  imbroken  by  this  test.  The  straight 
Orient  coal  coked  for  1 9  hours  gave  a  coke  of  which  only  about  2  7 
per  cent  remained  unbroken  by  this  test.  The  coke  obtained  from 
22  to  26  hoiu-  coking  periods  was  somewhat  stronger,  ranging  from 
27  to  38  per  cent  imbroken.  The  mixture  of  50  per  cent  Orient 
and  50  per  cent  Pittsburgh  showed  about  53  per  cent  unbroken, 
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and  the  mixture  of  25  per  cent  Pocahontas  with  75  per  cent  Orient 
was  the  strongest  of  all,  showing  74  per  cent  unbroken  by  this  test. 
The  above  results  are  merely  an  indication  and  must  not  be 
taken  as  any  accurate  measure  of  the  strength,  since  only  a  limited 
number  of  tests  were  made.  Large  irregularities  are  always  found 
in  this  kind  of  testing;  and,  moreover,  this  test  is  not  strictly  sig- 
nificant as  to  the  strength  of  the  material,  since  at  the  best  it  really 
gives  an  accurate  measure  only  of  the  likelihood  of  breakage  during 

handling. 

6.  BLAST-FURNACE  TEST  OF  COKE 

Purpose  and  Scope. — In  order  to  test  the  behavior  of  the  furnace- 
size  coke  produced  from  the  Orient  coal  in  the  St.  Paul  plant 
arrangements  were  made  to  use  some  of  this  material  in  the  blast- 
furnace plant  of  the  Mississippi  Valley  Iron  Co.,  St.  Louis,  Mo. 
The  Bureau  of  Standards  and  the  Bureau  of  Mines  were  each 
represented  at  the  furnace  test,  but  their  representatives  acted 
only  as  observers,  having  no  part  in  the  furnace  operation.  Also 
F.  W.  Sperr,  jr.,  chief  chemist,  and  C.  R.  Meissner,  experimental 
engineer,  of  the  Koppers  Co.,  Pittsburgh,  were  present  diuring 
considerable  portion  of  the  test  period  as  observ^ers. 

It  was  first  planned  to  make  a  one-week  operating  test,  but 
after  beginning  the  test  additional  coke  was  ordered  and  1746 
tons  of  coke  were  actually  used  in  the  furnace.  This  material 
was  approximately  equally  divided  between  that  shipped  direct 
from  the  St.  Paul  test  as  loaded  on  the  cars  from  the  screening 
station  and  that  reclaimed  from  the  stock  pile  in  which  the  coke 
diu4ng  the  first  part  of  the  test  at  St.  Paul  was  stored.  The  coke 
shipped  direct  from  the  screening  station  was  considerably  larger 
than  that  reclaimed  from  the  stock  pile,  as  it  had  not  been  sub- 
jected to  the  unusually  rough  treatment  of  dumping  into  a  con- 
crete pit,  recovery  by  crane  for  transfer  to  the  stock  pile,  and  a 
second  handling  by  crane  for  reloading  in  freight  cars.  The 
larger  coke  was  used  during  the  first  period  of  the  test  and  the 
smaller  during  the  latter  portion.  During  the  interval  from 
I  p.  m.  on  October  19  to  4.30  a.  m.  on  October  29  only  this  special 
coke  was  used  in  the  furnace. 

Blast-Furnace  Plant. — The  plant  of  the  Mississippi  Valley  Iron 
Co.  consists  of  one  blast  furnace  wth  auxiliary  equipment.  A 
modem  gas-cleaning  system  has  been  installed  but  is  not  yet  in 
use.  Foiu"  of  the  five  hot-blast  stoves  are  old,  and  because  of  their 
condition  Hmit  the  furnace  capacity.  The  furnace  was  relined  in 
accordance  with  the  most  modem  practice  and  bloAvn  in  blast 
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on  August  5,  1 91 6,  previous  to  which  date  it  had  been  out  of  blast 
for  about  five  years. 

The  furnace  is  77  feet  from  hearth  to  top,  12  feet  8  inches 
hearth  diameter,  15  feet  9  inches  bosh  diameter,  14  feet  6  inches 
bosh  height,  and  built  with  a  bosh  angle  of  83°,  which  is  said 
to  be  the  steepest  in  this  country.  Although  the  furnace  is  rated 
at  300  tons  of  iron  per  day,  the  limitations  of  the  hot-blast  stoves, 
blowing  engines,  etc.,  have  always  prevented  operation  at  any 
such  capacity.  The  output  is  generally  materially  less  than 
200  tons  of  pig  iron  per  day.  However,  the  height  of  the  furnace 
is  such  that  results  on  it  correspond  more  nearly  to  those  of  a 
modem  500-ton  furnace  than  would  usually  be  the  case  for  a 
plant  of  this  capacity. 

General  Test  Procedure. — The  coke  regularly  used  in  the  furnace 
is  produced  in  the  Koppers  ovens  of  the  Laclede  Gas  Light  Co., 
St.  Louis,  from  a  coal  mixture  of  Elkhorn  65  per  cent,  Illinois 
20  per  cent,  and  Pocahontas  15  per  cent.  The  substitution  of  the 
Illinois  coke  for  the  regular  coke  was  accomplished  abruptly 
and  continued  without  interruption  throughout  the  test. 

The  ores  used  during  the  test  were  Beaver,  Waukon,  and 
Beaver  manganese  from  the  Minnesota  ranges,  and  Pilot-Knob, 
a  local  Missouri  ore.  The  first  three  of  these  ores  are  soft  and 
rather  earthy,  but  the  Pilot-Knob  is  a  ver\'  hard  refractory  lump 
ore.  The  limestone  used  throughout  the  test  is  known  locally  as 
McLoon. 

At  the  beginning  of  the  test  the  furnace  was  making  malleable 
iron,  but  during  the  later  stages  the  fiu-nace  was  run  to  make 
basic  iron,  as  it  was  believed  that  this  would  be  a  more  severe 
test  of  furnace  performance. 

Operating  Results  and  Observations. — Each  day  during  the  test 
the  significant  data  were  tabulated  and  operating  notes  recorded 
by  the  various  observers  present.  These  data  sheets  were  sub- 
mitted and  approved  by  the  furance  operators  as  a  record  of  the 
test. 

During  the  test  period  a  large  number  of  operating  irregularities 
occurred  which  subjected  the  coke  to  a  great  variety  of  conditions 
unfavorable  to  efficiency.  The  importance  of  these  factors  is 
made  clear  in  the  'conclusions  reached  by  the  several  observers  as 
presented  in  the  following  section  of  this  report.  It  was  espe- 
cially unforttmate  that  delay  in  securing  the  coke  ordered  for  the 
latter  part  of  the  test  made  it  impracticable  to  operate  the  furnace 
as  rapidly  as  appeared  possible.     This  fact  should  be  taken  into 
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account  in  interpretation  of  the  results  of  the  test.  The  results 
reported  to  the  Bureau  for  the  nine-day  test  period  are  summa- 
rized in  Table  8.  Similar  data  for  August  and  September  are  given 
in  Table  9  as  a  basis  for  comparison  with  the  results  of  the  coke 
from  Orient  coal  with  the  regular  coke  used  at  this  plant.  In 
considering  these  data  as  to  pig-iron  output,  it  is  interesting  to 
note  that  the  average  daily  output  for  several  months  during 
1 91 8,  when  using  the  regular  coke  supply,  was  no  greater  than  the 
minimum  day  encountered  dming  the  period  of  use  of  the  test 
coal.  The  minimum  during  the  test  period  was  169  gross  tons 
of  pig,  the  maximum  250  gross  tons,  the  average  198. 

TABLE  8. — Results  Reported  to  Bureau  of  Standards  for  Blast-Fumace  Test  of  Coke 


Interval 

sue  o(  coke 

Coke  charged tons. 

Pig  iron  produced do... 

Pig  iron  produced  per  day do... 

Iron  yield actual  percentage . 

Coke  per  ton  ol  pig  iron pounds. 


First  period  of  test 


Oct.  20-25 

Large,  direct  from 

coke  screens 

902 

1012 

202 

58.1 

1774 


Second  period  of 
test 


Oct.  25-29 

Small,  from  stock 

pile 

742 
772 
193 
52.9 
1921 


Total  or 
average 


Oct.  20-29 


1644 

1784 

198 

55.8 

1843 


TABLE  9. — Blast-Furnace  Operating  Results  with  Regular  Coke 


August 


September 


Pig  iron  produced  per  day tons. 

Coke  per  ton  of  pig  iron pounds 

Iron  yield actual  percentage . 


174 
2364 
55.4 


182 
2042 
55.0 


Conclusions  Drawn  from  the  Test. — The  conclusions  reached  by 
A.  S.  Knowles,  the  representative  of  the  Bureau  of  Mines,  as  to  the 
general  performance  of  the  furnace  during  the  test  period  were  as 
follows : 

It  may  be  noted  that  during  the  test  practically  all  of  the  troubles  which  may  be 
expected  in  ordinary  furnace  operation  were  encountered  and  very  readily  and 
quickly  overcome.     They  may  be  listed  as  follows: 

1.  Sudden  change  from  regular  coke  to  an  entirely  different  coke. 

2.  Chilling  due  to  too  rapid  driving  and  short  coke  weight. 

3.  Chilling  due  to  cleaning  off  of  furnace  walls. 

4.  Chilling  due  to  damp,  rainy  weather  giving  wet  blast,  and  also  wet  ore,  stone, 
and  coke. 

5.  Chilling  due  to  too  low  hot-blast  temperatitfe. 

6.  Two  and  one-half  hours'  shutdown. 

7 .  Operation  for  extended  period  on  slack  wind . 

8.  Irregular  wind  volume  due  to  leaky  stoves  and  mains. 

In  spiteof  all  of  these  conditions  within  the  limited  space  of  nine  days,  the  results 
show  decidedly  better  practice  than  on  regular  coke  and  normal  operation. 
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Tiie  principal  feature  of  the  Illinois  coke  is  its  rapid  combustibility.  This  gives 
an  intense  heat  right  at  the  tuyeres  and  rapid,  reguUir  driving  of  the  furnace.  It 
must  be  borne  in  mind,  of  course,  tliat  the  furnace  lines  aid  most  materially  in  this. 
The  steep  bosh  is  an  ideal  combination  for  small,  fast-biuTiing  coke.  The  furnace  is, 
of  course,  rather  small  and  there  is  room  for  argument  as  to  v/hether  the  results  would 
be  as  good  on  the  larger  furnaces.  However,  the  results  for  a  short  test  are  sufficiently 
encouraging  to  warrant  the  assumption  that  the  coke  would  work  very  nicely  in  large 
furnaces,  especially  those  having  a  steep  bosh  of  80°  or  over. 

The  conchisions  reached  by  the  blast-furnace  operators  are 
summarized  m  the  following  letter  from  Henry  Carson,  superin- 
tendent of  the  ftunace,  to  the  Bureau  of  Standard?.  The  two 
blowers  on  duty  at  the  furnace  during  the  operating  test  have  in 
writing  expressed  their  agreement  with  these  statements. 

On  October  19,  at  i  p.m.,  we  discontinued  the  use  of  Elkhom-Laclede  coke  entirely 
and  put  on  in  its  place  tlie  St.  Paul  coke.  On  the  midnight  cast  of  the  19th  a  change 
was  noticed  in  the  volume  of  gas — it  being  increased,  and  the  furnace  began  to  take- 
an  increased  number  of  charges.  The  rapid  working  of  the  furnace  dislodged  large 
amounts  of  accretions  and  she  began  to  scour  on  the  21st,  dropping  tliese  accretions 
into  the  crucible,  continuing  to  do  so  until  about  9  p.  m.,  the  22d.  The  results  were 
to  cool  tlie  iron,  lower  the  silicon,  and  raise  the  sulphur.  As  the  furnace  had  not 
scoured  for  two  months,  this  action  was  about  due.  My  impression  is  that  it  was 
probably  hastened  by  the  more  rapid  traveling  of  the  furnace  due  to  the  faster  working 
of  the  St.  Paul  coke.  Our  heats  had  continued  to  rise  in  the  hot-blast  stoves,  due  to 
the  better  gas,  and  notwithstanding  the  hea\'j'  scoiunng  before  mentioned,  the  cast 
following  the  offcast  was  down  in  sulphur,  which  was  a  recovery  quicker  than  we  have 
ever  been  able  to  make  on  the  Elkhom-Laclede  coke. 

On  the  morning  of  the  24th  we  developed  a  bad  iron  notch  which  necessitated 
taking  the  wind  off  the  furnace  entirely  and  let  it  stand  while  repairs  were  being  made. 
In  the  meanwhile  we  had  put  on  a  burden  of  ore  greater  than  we  have  heretofore 
carried. 

On  October  25  we  were  compelled,  at  2  p.m.,  to  take  the  wind  oS  again  on  account 
of  a  charge-buggy  getting  caught  in  the  bell  and  hopper.  Our  temperature  in  the 
stoves,  however,  continued  very  high. 

Again  on  the  27th,  in  the  morning,  we  had  to  stop  operation  in  order  to  pack  the 
hopper  in  the  top  of  the  furnace,  which  had  been  worked  loose  on  account  of  the 
trouble  we  had  had  on  the  25th  with  the  accident  caused  by  the  buggy  getting  between 
the  bell  and  hopper. 

In  the  meanwhile,  the  larger  size  St.  Paul  coke  being  used  up,  we  started  on  the 
stove  size.  It  was  so  small  our  burden  packed  and  had  to  put  on  3  pounds' additional 
pressure  of  wind  in  order  to  get  the  wind  through  it.  No  appreciable  change  was 
noted  between  the  larger  size  and  the  smaller  size,  except  tlie  additional  wind  pressure 
before  mentioned  and  the  slowing  do^™  of  the  number  of  charges. 

This  St.  Paul  coke  seems  to  be  a  little  harder  than  tlie  Elkhom-Laclede  coke,  and 
carried  the  burden  quite  as  well.  The  most  notable  difference  between  the  two 
cokes,  I  shotild  say,  is  tliat  the  St.  Paul  coke  works  faster,  gives  a  greater  tonnage  per 
day,  yields  a  better  gas  for  stoves  and  boilers,  thereby  giving  a  hotter  blast  temperature. 
It  was  noticeable  that  on  8  pounds  of  wind  on  St.  Paul  coke  we  got  as  good  results  as 
with  10  pounds  of  wind  on  Elkhom-Laclede  coke.  I  see  no  other  difference  in  tlie 
coke,  and  had  it  been  of  full  furnace  we  would  have  been  able  to  charge  about  60 
charges  per  turn,  or  120  per  day,  as  compared  with  85  charges,  our  average  on  Elkhom- 
Laclede  coke. 
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Edward  F.  Goltra,  president  of  the  Mississippi  Valley  Iron  Co., 
has  submitted  to  the  Bureau  the  following  comment  on  the  furnace 
operation  during  this  test: 

1.  Two  sizes  of  coke  were  shipped  us,  the  larger  being  above  egg  and  below  furnace 
size  coke,  the  smaller  being  a  little  better  than  stove  size. 

2.  We  discontinued  the  use  of  Elkhom-Laclede  coke  abruptly,  substituting  100 
per  cent  of  the  larger  size  St.  Paul  coke.  This  substitution  resulted  in  an  increased 
yield  of  gas  for  the  hot-blast  stoves  and  boilers.  The  temperature  of  the  hot  blast 
rising  200°  and  the  steam  rising  in  the  boiler  house.  The  furnace  began  to  travel 
faster,  increasing  the  charges  from  the  customary  85,  experienced  on  Elkhom-Laclede 
coke,  to  a  maximum  of  1 10.  Had  we  not  experienced  the  stops  on  account  of  furnace 
top  and  other  mechanical  delays  the  yield  per  day  would  have  been  large. 

3.  After  the  larger  size  coke  was  consumed  the  stove  size  was  used,  resulting  in  a 
denser  bitfden,  and  therefore  requiring  3  poiuids  greater  pressure  of  wind  to  drive  it 
through. 

4.  It  was  patent  that  had  the  coal  been  coked  in  a  narrower  oven  giving  full-size 
ftimace  coke  the  ftunace  would  have  taken  60  charges  a  turn,  or  120  charges  a  day,  as 
it  demonstrated  itself  to  be  a  very  much  faster  working  fuel. 

5.  The  peep-holes  at  tlie  tuyeres  disclosed  that  the  coke  held  its  size  in  its  descent 
through  the  furnace,  the  combustion  taking  place  fiercely  at  the  tuyere  line,  giving 
a  hot  bottom  and  a  cold  top. 

6.  The  furnace  was  more  amenable  to  the  will  of  the  blower,  as  was  demonstrated 
by  its  quick  recovery  in  picking  up  heat. 

7.  It  carried  without  difficulty  the  largest  ore  burden  which  was  made  up  of  the 
greatest  percentage  of  our  most  refractory  ore  that  we  have  as  yet  put  on  a  burden. 
It  carried  our  customary  burdens  as  efficiently  as  the  Elkhom-Laclede  coke  we  have 
been  using . 

8.  After  consumption  of  the  St.  Paul  coke  we  abruptly  discontinued  its  use,  substi- 
tuting 100  per  cent  Elkhom-Laclede  coke.  We  have  experienced  no  furnace  diffi- 
culties in  making  these  abrupt  changes.  We  notice  the  furnace  is  slowing  down  in 
taking  charges. 

In  conclusion:  The  furnace  operatives  expressed  themselves  as  having  a  preference 
for  the  St.  Paul  coke,  instead  of  the  Elkhom-Laclede  coke,  as  a  result  of  the  ex- 
perience gained  in  the  test;  and  in  this  I  concur,  having  been  present  at  the  furnace 
night  and  day  during  the  test. 

Charles  W.  Markell,  chief  chemist  of  the  company,  has  submitted 
the  following  observations  as  to  the  performance  of  the  Orient  coke: 

I  was  present  before  and  during  the  test  of  by-product  coke  made  from  Orient 
(Illinois)  coal,  and  that  to  my  certain  knowledge  the  coke  proved  very  satisfactory  for 
use  in  our  furnace . 

We  found  that  we  could  get  more  iron  by  using  less  wind-pressure  than  with  the  coke 
furnished  us  by  the  Laclede  ovens.  The  gas  was  better  and  produced  better  stove 
temperatures.  The  coke  was  slightly  smaller  in  size,  but  harder,  and  seemed  to  come 
down  to  the  tuyeres  larger  than  the  Laclede  coke.  The  test  was  made  under  bad 
atmospheric  conditions  and  at  a  time  when  we  were  compelled  to  use  a  great  quantity 
of  Pilot- Knob  ore  in  order  to  get  enough  silica  in  burden.  We  had  been  using  Work- 
house stone  regularly,  but  owing  to  the  greater  ash  content  of  the  Orient  coke  we 
obtained  a  lot  of  McLoon  stone  to  make  conditions  about  the  same  in  regard  to  coke 
and  limestone  combined.  In  other  words,  it  took  practically  the  same  amount  of 
McLoon  stone  to  flux  ash  from  Orient  coke  as  it  took  Workhotise  stone  to  flux  ash  from 
Laclede  coke. 


34  Technologic  Papers  of  Ike  Bureau  of  Standards 

The  heating  quality  of  the  coke  was  very  clearly  shown  on  Sunday,  October  27, 
when  furnace  at  9.30  a.  m.  cast  showed  iron  analyzing  Si— 0.63,  S  — 0.108.  After  a 
cast  of  high-sulphur  iron  it  usually  took  12  hours  or  more  to  come  around,  but  the  next 
cast  at  12.55  p.  m.  showed  Si— 0.74,  S— 0.053.  Tliis  quick  recovery  demonstrates  that 
the  coke  undoubtedly  has  superior  heating  qualities,  compared  with  the  Laclede  coke. 

The  following  conclusions  have  been  reached  by  F.  W.  Sperr,  jr., 
chief  chemist  of  The  Koppers  Co. : 

The  following  points  may  be  considered  well  demonstrated  by  the  test,  in  respect 
to  the  Illinois  coke  used  and  the  furnace  on  which  the  test  was  made: 

1.  The  coke  is  a  first-class  blast-furnace  fuel,  which  may  be  substituted  directly 
for  the  regular  coke  \\'ithout  creating  injurious  irregularity  of  operation. 

2.  With  Illinois  coke  of  normal  size,  and  with  the  usual  wind  pressure  the  rate 
of  driving  is  much  faster  than  usual. 

3.  With  the  smaller  sized  coke  and  with  the  same  wind  pressure,  the  rate  of  driv- 
ing is  still  somewhat  faster  than  usual. 

4.  With  the  Illinois  coke  of  normal  size,  the  ^vind  pressure  must  be  considerably 
reduced  to  bring  the  furnace  to  its  normal  rate  of  driving. 

5.  The  normal-sized  Illinois  coke  is  about  12  per  cent  lighter  than  the  regular 
coke,  and  this  must  be  taken  into  accoimt  in  comparing  the  charges. 

6.  The  coke  maintained  its  size  well  in  passing  through  the  blast  furnace  and 
presented  a  good  appearance  in  front  of  the  tuyeres. 

7.  The  coke  carries  a  normal  basic  burden  well,  with  every  indication  that  it  would 
make  any  grade  of  foimdry  iron  with  the  normal  burden. 

8.  Using  coke  of  this  character,  a  blast  furnace  recovers  more  rapidly  than  usual 
from  chilling. 

9.  The  gas  produced  is  of  good  qualit>',  making  it  possible  to  maintain  a  satis- 
factorj'  stove  temperature  without  robbing  the  boilers. 

It  is  indicated  that  with  the  Illinois  coke  the  consumption  of  coke  per  ton  pig 
iron  is  normal,  or  possibly  even  less  than  normal.  This  can  not,  however,  be 
absolutely  established  in  so  short  a  test. 

Commenting  upon  the  conclusions  above  quoted,  Mr.  Sperr 
suggests  the  following: 

In  studying  the  results  of  this  test,  it  is  important  to  consider  the  lines  of  the  St. 
Louis  blast  furnace.  This  furnace,  although  of  small  capacit)',  represents  the  most 
modem  development  in  proportioning  of  bosh,  stack,  and  hearth.  The  bosh  is 
slightly  steeper  than  that  of  any  other  ftimace  in  America.  Great  caution  should 
be  used  in  applying  the  results  of  this  test,  in  predicting  what  the  Illinois  coke  might 
do  if  used  on  an  older  blast  furnace  of  larger  capacity',  or  with  radically  different 
lines.  All  that  can  be  said  is  that  the  results  are  extremely  encouraging  for  further 
tests  on  larger  fimiaces  with  similar  lines.  The  height  of  the  St.  Louis  blast  furnace 
is  only  about  13  feet  less  than  that  of  a  modem  500-ton  furnace,  so  that  the  actual 
difference  is  less  than  the  relative  capacity  might  indicate.  It  is  impossible,  how- 
ever, to  make  any  definite  predictions  as  to  tlie  actual  coke  consumption  and  rate 
of  production  of  pig  iron  on  furnaces  of  different  types,  without  actual  tests,  and 
such  tests  would  be  of  the  greatest  practical  importance. 

It  is  important  to  bear  in  mind  that  the  coal  from  which  the  coke  used  in  this  test 
was  made  represented  the  highest  grade  of  Illinois  coking  coal,  and  the  results  should 
not  be  too  broadly  applied  to  Illinois  coke  in  general.  There  are  of  course  great 
differences  in  Illinois  coals  from  different  districts,  with  respect  to  ash,  sulphur, 
phosphorus,  and  coking  quality.  Such  conditions  have,  however,  been  considered 
to  apply  to  the  broader  question  of  the  economics  of  coking  Illinois  coal,  which  is 
being  dealt  with  in  another  report. 
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7.  EXPERIMENTAL-RETORT  TESTS  OF  ORIENT  COAL 

In  order  to  study  the  influence  of  the  temperature  of  coking 
upon  the  quality  of  the  coke  produced  and  upon  the  quantity 
and  quality  of  gas  made  from  the  coal  the  Bureau  of  Standards 
made  a  series  of  experimental-retort  tests  at  different  tempera- 
tures. Through  the  courtesy  of  the  Bethlehem  Steel  Co.,  Spar- 
rows Point,  Md. ,  the  Bureau  had  access  to  the  necessary  apparatus 
and  also  received  assistance  and  advice  from  experienced  technical 
men  of  the  company  who  have  conducted  a  considerable  number 
of  tests. 

The  very  large  influence  of  temperature  of  coking  upon  the 
quantity  and  quality  of  coke  and  gas  produced  was  evident. 
At  the  higher  temperatures  the  results  showed  not  only  a  more 
complete  elimination  of  the  volatile  matter  from  the  coal,  but 
also  a  decomposition  of  the  heavier  volatile  material  into  gaseous 
constituents,  which  also  caused  the  average  heating  value  of  the 
gas  to  diminish.  The  volatile  matter  remaining  in  the  coke 
increased  as  the  temperature  of  coking  decreased,  and  therefore 
the  yield  of  coke  was  higher.  The  lower  temperatures  produced 
coke  very  much  inferior  to  that  of  the  higher  temperatures. 

The  Bureau  of  Standards  is  publishing  a  full  account  of  the 
experimental-retort  tests  in  a  separate  technologic  paper. 

PART  IV.  BY-PRODUCTS  AND   GAS  PRODUCED 

The  results  obtained  during  six  days  from  8  a.  m.,  September  29, 
to  the  same  hour  October  5,  were  used  as  the  basis  for  by-product 
and  gas  results,  since  during  this  period  only  Orient  coal  was  in 
use  and  the  system  contained  only  products  from  this  coal.  The 
methods  of  observation  and  the  results  obtained  are  reported  in 
the  following  sections  for  tar,  ammonia  liquor  and  sulphate,  light 
oil  and  its  products,  and  gas. 

1.  TAR 

The  amount  of  tar  produced  during  the  six-day  test  period  was 
determined  by  initial  and  final  inventories,  which  were  made  with 
great  care  and  corrected  according  to  the  shipments  of  tar  taking 
place  during  the  interval.  Daily  inventories  of  the  stock  were 
also  made,  but  considerable  irregularities  due  to  the  unavoidable 
inaccuracy  in  measuring  the  small  quantities  produced  in  a  single 
day  made  these  results  of  little  value,  and  therefore  only  the  total 
make  is  reported. 
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In  inventorying  the  tar,  changes  in  tank  levels  were  used  as  a 
basis  for  computing  the  voluime  on  hand.  In  the  separating  tank 
the  level  at  which  the  tar  and  liquor  were  in  contact  might  vary 
with  changes  in  density  of  the  two  liquids,  both  those  caused 
by  change  in  temperature  and  those  caused  by  change  in  com- 
position of  tar  and  liquor.  Fortunately,  however,  taking  into 
account  the  temperature  and  density  on  this  tank  at  the  begin- 
ning and  end  of  the  test,  it  was  found  that  no  significant  change 
in  relative  densities  of  the  two  liquids  had  occurred.  It  was  pos- 
sible, therefore,  to  ignore  this  factor. 

The  yield  and  characteristics  of  the  tar  were  as  follows: 

Tar  produced,  as  measured gallons. .  47  560 

Tar  produced,  dr>'  (computed) do. ...  46  100 

Tar,  as  produced,  per  ton  of  coal  as  charged do. ...  7.  81 

Tar,  dr>',  per  ton  of  dry  coal do. . . .  8.  23 

Water  in  tar,  by  weight ,...,... per  cent. .  2.  6 

Specific  gravity,  as  produced i i.  187 

Specific  gravity,  dry  basis  (computed) i.  192 

2.  AMMONIA  LIQUOR  AND  SULPHATE 

During  the  test  period  it  was  planned  to  make  only  ammonimn 
sulphate  and  not  to  accumulate  any  ammonia  liquor.  However, 
it  was,  of  course,  impracticable  at  all  times  to  use  up  the  liquor 
collected  at  just  the  rate  produced.  Most  of  the  time  the  liquor 
was  worked  up,  and  at  the  end  the  system  was  in  approximately 
the  same  condition  as  at  the  beginning  of  the  test.  The  actual 
production  reported  represents,  of  course,  the  sum  of  the  sulphate 
made  and  the  liquor  collected,  computed  as  sulphate. 

The  ammonium  sulphate  was  weighed  as  it  was  taken  from  the 
driers  in  wheelbarrows  on  a  platform  scale  which  had  been  re- 
cently calibrated  by  the  Bureau  of  Standards.  The  records  of 
the  sulphate  weights  were  kept  by  Bureau  men  who  were  stationed 
on  all  shifts  to  see  that  the  scales  were  properly  balanced  and  the 
tare  weigh,ts  carefully  taken.  Bureau  men  also  took  a  sample 
from  the  wheelbarrows  representing  each  lot  of  sulphate  from  the 
driers.  These  samples  were  preserved  in  tightly  closed  jars  and 
daily  an  average  sample  made  up  for  analysis. 

The  weight  of  sulphate  produced  daily  varied  largely  in  accord- 
ance with  the  amoubt  of  ammonia  liquor  accumulated  or  worked 
up  into  the  sulphate  diuring  the  day.  The  total  weight  of  sulphate 
made  throughout  the  test  period  was  155  506  pounds,  equivalent 
to  151  102  pounds  of  pure  (NHJjSO,  as  calculated  from  the  NH, 
present  in  the  salt.     The  average  daily  analysis  of  the  salt  showed 
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25.06  NH3,  0.12  free  acid  (calculated  as  H2SO4),  and  2.51  per  cent 
H3O;  equivalent  to  97.18  per  cent  (NHJ2SO4  in  the  salt  and 
accounting  for  99.81  per  cent  of  the  constituents. 

The  ammonia  liquor  on  hand  was  inventoried  daily,  with  special 
care  given  to  the  inventories  at  the  beginning  and  end  of  the  by- 
product test  period.  The  inventory  included  the  determination  of 
the  volume  and  composition  of  the  stock  in  each  of  the  tanks, 
including  the  liquor-storage  tank,  on  top  of  the  tar  in  the  tar-storage 
tank,  separating  tank,  circulating  tanks,  and  still-supply  tank. 
From  the  measurement  of  volume,  the  temperature,  specific  grav- 
ity, and  per  cent  of  NH3  by  weight,  as  determined  in  the  laboratory 
test,  the  poimds  of  NH3  and  the  equivalent  weight  of  (NH4)aS04 
were  computed  for  the  initial  and  final  inventories.  The  change 
in  stock  represented  4841  pounds  of  NH3,  equivalent  to  19  317 
pounds  of  sulphate  of  the  same  purity  as  that  produced  on  the 
average  during  the  test,  or  equivalent  to  18  777  pounds  of  piire 
(NH,),SO,. 

The  total  production  of  sulphate  and  sulphate  equivalent  of 
liquor  collected,  divided  by  the  tons  of  coal  carbonized,  gives  the 
production  results  as  28.70  pounds  of  sulphate  as  weighed  per 
ton  of  coal  as  charged,  equivalent  to  30.33  pounds  of  pure  dry 
(NH4),S04  per  ton  of  dry  coal.  Equivalent  figures  for  ammonia 
are  7.19  pounds  of  NH3  actually  recovered  per  ton  of  coal  as 
charged,  or  7.82  pounds  NH3  per  ton  of  dry  coal.  Tables  10  and 
1 1  summarize  the  yields  and  composition  of  the  sulphate. 

TABLE  10. — Ammoninni  Sulphate — Production 

Produced,  scale  weigHt pounds. 

Produced,  piire do. . . 

Equivalent  in  liquor,  start  of  test,  pure do. . . 

Equivalent  in  liquor,  end  of  test,  pure do. . . 

Equivalent  due  to  liquor  increase,  pure do. . . 

Total  production ,  pure do . . . 

(NHjIj  SO,  per  short  ton  of  coal  as  charged do. . . 

(NH,),  SO,  per  short  ton  of  dry  coal do. . . 

NH3  per  ton  of  coal  as  charged do. . . 

NH3  per  ton  of  dry  coal do. . . 

Average  of  NH3  in  ammonium  sulphate  produced per  cent. 

TABLE  11. — Ammonium  Sulphate — Analysis 


•  155  506 

.     151     102 

15    922 

■     34  699 

•      18  777 

.    169  879 

27.88 

30-33 

7.19 

.           7. 82 

25.06 

Sept.  29 

Sept.  30 

Oct.  1 

Oct.  2 

Oct.  3 

Oct.  4 

Average 

H20 

Per  cent 

2.05 

25.14 

.15 

97.52 

Per  cent 

2.65 

25.00 

.14 

96.96 

Per  cent 

2.52 

25.08 

.14 

97.27 

Per  cent 

2.55 

25.08 

.12 

97.07 

Per  cent 

2.68 

25.02 

.08 

97.04 

Per  cent 
2.60 

25.02 

.12 

97.04 

Per  cent 

2.51 

NH3              

25.06 

H-SO) 

.12 

(NHO-  SOi 

97.18 

Total.. 

9^.72 

99.75 

99.93 

99.94 

99.80 

99.76 

99.81 
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In  connection  with  the  above  figures  it  is  interesting  to  note 
that  the  ammonia  content  of  the  Hquor  collected  ranged  from 
0.63  per  cent  NH3  by  weight  for  the  initial  sample  to  i.oi  per 
cent  NH3  by  weight  for  the  final  inventory  sample. 

In  order  to  determine  the  efficiency  of  ammonia  recovery  in  this 
plant,  the  amount  of  ammonia  left  in  the  gas  was  determined.  It 
was  foiond  that  the  rich  gas  leaving  the  saturators  carried  4.83 
pounds  NH3  per  million  cubic  feet  and  that  the  lean  gas  carried 
7.83  pounds  NH3  per  million  cubic  feet,  as  averaged  from  the 
daily  24-hour  tests  made  by  the  plant  chemists.  Computing  these 
losses  to  equivalent  sulphate  per  ton  of  coal  carbonized,  it  is  found 
that  0.26  pound  (NHJoSOj  per  ton  of  coal  as  charged  was  escaping 
recovery.  This  represents  nine-tenths  of  i  per  cent  loss,  or  a  recov- 
ery efficiency  of  99.1  per  cent.  It  should  be  understood,  of  course, 
that  all  these  data  in  reference  to  composition  and  percentage 
recovery  in\'olve  certain  experimental  uncertainties  inherent  in 
this  type  of  laboratory  testing. 

3.  LIGHT   OIL 

The  rich  and  lean  gas  produced  at  this  plant  are  separately 
scrubbed  for  light-oil  recovery,  but  the  light  oil  separated  from 
the  wash  oil  in  the  stripping  stills  is  collected  together.  During 
the  test  period  two  sections  of  the  light-oil  "running  tank"  were 
used  on  alternate  days  in  order  to  permit  careful  measurement  of 
each  day's  light-oil  production.  It  was  planned  to  change  over 
from  one  section  of  this  tank  to  the  other  at  exactly  8  o'clock  each 
morning,  and  where  this  was  not  possible  a  slight  correction  to 
give  the  results  for  each  24-hour  period  was  applied.  The  water 
collecting  in  the  light  oil  produced  each  day  was  first  blo-iVTi  off 
and  then  the  light  oil  blown  over  into  a  storage  tank,  where  it 
could  be  acciu-ately  measured.  As  is  seen  in  Table  14,  the  pro- 
duction ranged  from  3600  to  4000  gallons  of  light  oil  per  day.  In 
that  table  are  also  given  other  data  from  the  approximate  tests 
made  each  day  by  Bureau  representatives  in  the  laboratories  of 
the  plant  as  to  composition  of  this  light  oil.  More  accurate  re- 
sults for  the  complete  test  period  were  available  from  work  done 
subsequent  to  the  test  period  on  composite  samples  made  up  by 
taking  a  portion  from  each  daily  sample  in  quantity  proportional 
to  the  make  of  light  oil  for  that  day. 

The  total  light-oil  production  for  the  six-day  by-product  test 
period  was  22  570  gallons,  which  equals  3.71  gallons  per  ton  of 
coal  as  charged,  or  4.03  gallons  per  ton  of  dr\'  coal.     This  light 
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oil  as  collected  showed  on  analysis  83.8  per  cent  boiling  below 
200°  C.  Applying  this  percentage  to  the  volume  collected,  the 
so-called  "true"  light  oil  is  found  to  be  3.1 1  gallons  per  ton  of 
coal  as  charged,  or  3.38  gallons  per  toti  of  dry  coal.  The  analyses 
obtained  by  the  Bureau  of  Standards  and  by  The  Koppers  Co., 
using  separate  portions  of  the  same  composite  sample  for  the  entire 
test  period,  give  results  shown  in  Table  12.  In  both  cases  the 
Laclede  still  was  used  for  the  test.  Two  series  of  observations 
during  distillation  in  a  flask  are  shown  in  Talale  13.  The  dis- 
crepancy in  percentage  of  the  various  constituents  is  accotmted 
for  by  the  difference  in  rate  of  distillation  caused  by  slight  differ- 
ence in  still  operation  during  analysis.  It  is  unfortunate  that  so 
large  a  discrepancy  as  here  indicated  should  be  inherent  in  a 
method  that  is  probably  the  best  available  procedure  for  deter- 
mining the  composition  of  these  light  oils. 


TABLE  12.— Composition  of  Light  Oil  as  Collected 


[Results  in  each  case  with  Laclede  still  on  composite  sample  representing  entire  production  during  six-day 

test  period] 

Bureau  oi 

Standards 

results 

The 
Koppers  Co. 

results 

Per  cent 

5.7 
56.8 
13.4 

3.5 
20.6 

Per  cent 

8.3 

Benzene                       

56.1 

14.3 

Solvent  naphtha 

3.6 

17.7 

Total  .'.'.'•.. 

100.0 

100.0 

o  Slightly  different  tnetliods  were  used  to  obtain  percentage?  of  "washing  loss  "  and  "residue." 
ever,  the  sum  of  washing  loss  and  residue  are  substantially  the  same  for  the  two  analyses, 
t>  Paraffins  in  toluene,  none. 


How- 


table  13.— Light-Oil  Distillation  (Boiling  Point)  Test  in  Flasks 


• 

Bureau  of 

Standards 
test 

The 

Koppers  Co. 

test 

First  drop 

°C . . 

80.4 

53  1 
62.1 
72.2 
77.8 
81.4 
84.4 

76.3 

Per  cent  over  at— 

95°  C 

percent. . 

62.0 

100 

do.... 

67.6 

120 

do.... 

75.6 

150   

do.... 

80.8 

180 

do.... 

83.8 

200 

do... 

86.7 
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Using  the  Bureau  of  Standards'  results  as  the  basis  of  calcu- 
lation, the  yields  have  been  computed  for  the  various  constituents, 
as  shown  in  Table  14: 

TABLE  14.— Light-Oil  Production  and  Analysis 


Sept.  29 

Sept.  30 

Oct.  1 

Oct.  2 

Oct.  3 

Oct.  4 

Total  or 
average 

Produced                             ,,    ..gallons.. 

3750 

3980 

3720 

3920 

3590 

3610 

22  570 

Produced  per  ton  of  coal:    , 

As  charged do  . . . 

3.76 

4.08 

3.53 

3.83 

3.54 

3.51 

3.71 

Dry do.   .. 

<.09 

4.43 

3.84 

4.17 

3.84 

3.82 

4.03 

Produced  (per  cent  under  200°  Cl..     . . 

86.5 

81.0 

85.0 

84.5 

79.0 

87.0 

83.8 

Produced  per  ton  of  coal  (per  cent  under 

200°  C): 

As  charged  gallons 

3.25 

3.30 

3.00 

3.24 

2.80 

3.05 

3.11 

Dry do. . . . 

3.54 

3.58 

3.26 

3.52 

3.03 

3.33 

3.38 

Benzene  (analysis)  per  ton  of  coal: 

As  charged gallons. 

2.132 

2.315 

2.005 

2.175 

2.010 

1.994 

2.105 

Dry do 

2.323 

2.515 

2.180 

2.368 

2.180 

2.170 

2.289 

Toluene  (analysis)  per  ton  of  coal: 

As  charged gallons . . 

.504 

.546 

.473 

.514 

.474 

.470 

.497 

Dry   do 

.549 

.593 

.515 

.559 

.515 

512 

.540 

Solvent  naphtha  (analysis)  per  ton  of 

coal: 

As  charged gallons. . 

.132 

.143 

.124 

.134 

.124 

.123 

.130 

Dry do 

.143 

.155 

.134 

.146 

.134 

.134 

.141 

As  a  check  on  the  light-oil  recover^'  both  The  Koppers  Co. 
and  the  Bureau  of  Standards'  chemists  made  daily  determina- 
tions of  the  light  oil  in  both  the  rich  and  the  lean  gas  entering 
the  light-oil  scrubbers.  Unfortunately,  however,  the  results 
were  xe^ry  irregular  and  no  confidence  can  be  placed  in  conclu- 
sions from  them.  As  a  matter  of  fact,  the  recovery  was  largely 
in  excess  of  the  apparent  amount  of  light  oil  present.  This  fact 
is  another  striking  illustration  of  the  very  unsatisfactory  status 
of  our  knowledge  of  methods  for  determining  light  oil  in  gas. 

4.  GAS 

The  gas  produced  at  the  plant  was  separated  at  the  ovens  into 
rich  and  lean,  the  quantity  of  rich  gas  being  so  regulated  as  to 
just  suppl}''  the  requirements  for  the  St.  Paul  Gas  Light  Co.,  to 
whom  all  of  this  gas  is  sold.  The  lean  gas  remaining  was  used  for 
heating  the  batter\'  and,  if  there  was  any  excess,  for  firing  the 
boilers. 

Rich  Gas. — All  of  the  rich  gas  made  during  the  test  period 
was  sold  to  the  St.  Paul  Gas  Light  Co.  as  their  city  supply.  This 
gas  was  measured  at  the  coke  plant  through  a  Thomas  meter; 
it  was  then  pumped  several  miles  through  a  high-pressure  main 
to  the  gas  company's  holder  station,  where  it  was  metered  again 
by  a  Thomas  meter  and  a  third  time  by  two  wet-station  meters 
operating  in  parallel.     The  record  of  these  wet-station  meters 
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is  taken  by  the  coke  company  and  the  gas  company  as  a  basis 
for  payment,  since  these  meters  are  considered  to  be  more  accu- 
rate than  the  Thomas  meters.  The  Bureau  representatives 
checked  six  times  during  each  24  hours  the  coke  plant's  Thomas- 
meter  record  and  at  the  beginning  and  end  of  the  by-product 
test  period  checked  the  readings  of  the  gas  company's  station 
meters.  The  results  of  the  gas  company's  measurements  were 
reported  daily  to  the  coke  company.  A  summary  of  these  data, 
which  were  checked  at  the  beginning  and  end  of  the  period  by 
the  Bureau  representatives  and  found  to  be  correct,  was  used 
as  the  basis  for  computing  the  rich-gas  yields.  The  Thomas 
meter  at  the  coke  plant,  by  comparison  with  these  accepted 
results,  was  found  about  5  per  cent  slow;  the  Thomas  meter  at 
the  gas  plant  about  0.6  per  cent  fast;  but  neither  of  these  two 
meters  had  been  recently  calibrated  or  adjusted  accurately,  so 
that  it  is  not  surprising  to  find  these  small  discrepancies.  It 
seems  certain  that  the  wet-meter  readings  were  correct  within 
2  or  3  per  cent,  which  is  certainly  sufficient  for  the  present 
purposes. 

In  accepting  the  volume  measurements  shown  by  the  gas 
company's  wet  meters,  two  sources  of  small  discrepancies  were 
ignored,  namely,  the  slightly  greater  volume  of  the  gas  due  to 
the  reenrichment  with  benzol  before  it  is  sent  from  the  coke 
plant,  and  the  small  decrease  in  volume  caused  by  leakage  and 
condensation  in  the  pumping  main  between  the  coke  plant  and 
the  city  gas  plant.  These  two  errors  were  probably  both  less 
than  2  per  cent'  and  are  of  opposite  effect  upon  the  apparent 
volume.  It  can  be  properly  assumed,  therefore,  that  they  just 
balance  each  other. 


TABLE  15.— Rich  Gas  Produced 


Gas 

volume 

(M  at  60°  F 

and 
30  inches) 

Btu  per  cubic  loot 

Candle- 
power  after 
reenrich- 
ment and 
pumping 
to  city 

Specific 

Day  beginning  8  a.  m. 

Before 
reenrich- 
ment 

After 
reenrich- 
ment and 
pumping 

to  city 

gravity 
before 
reenrich- 
ment 
(air  =  l) 

Sept.  29 

4887 
5233 
5416 
5389 
5552 
5505 

575 
570 
568 
558 

578 
566 

601 
599 
595 
601 
597 
605 

16.6 
16.5 
15.2 
15.4 
14.8 
14.2 

0.459 

Sept.  30 

.460 

Oct.  1 

.468 

Oct.  2 

.501 

Oct.  3 

.490 

Oct.  4... 

.480 

Total  or  aveiage.  .  . 

31  982 

569 

600 

15.46 

.476 
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The  volume,  heating  value,  candlepower,  density,  and  analysis 

of  the  rich  gas  are  shown  in  Tables  15  and  16.     These  data  are 

more   completely    presented    also   in    the   summary,   Table    18. 

These  latter  tables  also  show  in  detail  the  composition  for  each 

day  and  the  average  for  the  period,  as  well  as  the  hydrogen-sulphide 

content,  which  on  the  average  was  430  grains  per  100  cubic  feet 

of  gas. 

TABLE  16.— Gas  Analysis 

RICH  GAS— BEFORE  REENRICHMENT 


Sept.  29 


Sept.  30 

Oct.  1 

Oct.  2 

Oct.  3 

Oct.  4 

4.5 

4.5 

4.5 

4.6 

4.5 

4.7 

4.3 

4.9 

4.4 

4.3 

.5 

.5 

1.0 

.5 

.3 

n.o 

11.0 

10.4 

11.1 

10.8 

33.4 

30.3 

31.7 

30.8 

29.2 

41.5 

44.6 

39.3 

44.4 

43.8 

4.4 

4.8 

8.2 

4.2 

7.1 

.460 

.4M 

.501 

.490 

.480 

450 

450 

430 

330 

470 

Avenge 


COi 

lUuminants . 

O, 

CO 

CH, 

H, 

N» 


.per  cent, 
.do... 


.do... 
.do... 
.do... 
.do... 
.do... 


Specific  gravit;. 
HiSa 


4.5 
3.9 
.5 
11.5 
34.0 
40.9 
4.7 


4.5 

4.4 
.6 
11.0 
31.5 
42.4 

5.6 

.476 


LEAK  GAS 


COj  

niumlnants 

Of 

do.... 

do  . 

5b:;;.;:::;.;;:: 

CHi 

do.... 

do 

Hj 

N2 

do.... 

do.- 

HjS" 

4.2 

3.4 

3.4 

3.8 

4.2 

3.8 

2.5 

2.2 

2.0 

2.6 

2.5 

2.4 

.6 

.3 

.3 

.4 

.3 

.6 

12.6 

12.8 

12.5 

11.3 

12.8 

12.3 

29.7 

25.4 

25.6 

22.5 

23.2 

24.2 

46.7 

51.6 

51.9 

54.4 

49.9 

50.1 

3.7 

4.3 

4.3 

5.0 

7.1 

6.6 

.451 

.405 

.419 

.456 

.458 

.465 

330 

490 

370 

250 

360 

3.8 
2.4 

.4 
12.4 
25.1 
50.7 
5.2 


a  Grains  per  loo  cubic  feet  of  gas. 

The  above  data  show  that  5.25  M  of  rich  gas  were  produced  per 
ton  of  coal  as  charged,  equivalent  to  5.71  M  of  rich  gas  per  ton  of 
dry  coal.  This  is  equivalent  to  1490  Btu  available  in  the  rich  gas 
per  poimd  of  coal  as  charged  or  1625  Btu  per  pound  of  dry  coal. 

Gas  to  boilers. — The  small  amount  of  lean  gas  not  needed  to  heat 
the  battery  was  used  under  the  boilers  during  the  test  period. 
During  only  three  days  was  there  gas  thus  available,  amounting 
altogether  to  1440  M,  having  a  heating  value  of  490  Btu  and  the 
other  characteristics  described  in  the  next  section.  This  amounts 
to  about  250  cubic  feet  of  lean  gas  per  ton  of  coal,  equivalent  to 
55  Btu  per  pound  of  coal  as  charged  or  65  Btu  per  pound  of  dry 
coal.  This  available  heat  should  be  added  to  the  heat  available 
in  the  rich  gas  in  determining  the  total  Btu  available  in  surplus 
gas,  which  quantity  was  1 545  Btu  per  pound  of  coal  as  charged 
or  1 690  Btu  per  pound  of  dry  coal. 
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Lean  gas. — ^The  volume  of  lean  gas  used  to  heat  the  ovens  was 
measured  by  two  Venturi  meters,  one  for  each  battery.  These 
were  new  when  installed  in  the  plant  less  than  a  year  before,  and 
were  apparently  in  very  good  order.  To  make  sure  that  there 
was  no  large  error  introduced  by  them,  they  were  calibrated  by 
checking  them  for  short  periods  against  the  small  lean-gas  storage 
holder,  and  it  was  found  that  they  were  substantially  correct  in 
each  case.  For  practical  purposes,  therefore,  no  calibration  cor- 
rection was  applied.  The  record  of  the  integrating  mechanism  of 
the  meters  was  used  for  this  test. 

The  indication  of  these  meters  and  the  barometric  pressure,  tem- 
perature, and  pressure  of  gas  at  the  meter  were  observed  six  times 
each  day  and  frequent  determinations  made  of  the  specific  gravity 
of  the  gas.  Using  these  data  as  a  basis,  the  volume  of  gas  was 
corrected  to  60°  F,  30  inches  mercury  pressure,  saturated  with 
water  vapor,  and  is  thus  reported.  It  was  unnecessary  to  take 
any  account  of  the  changes  in  the  quantity  of  lean  gas  in  storage 
from  day  to  day,  as  the  holder  capacity  was  negligible  in  compari- 
son with  the  total  volume  of  gas  measured. 

The  results  found  for  the  gas  to  heat  the  two  batteries  and  the 
small  amount  of  surplus  gas  going  to  the  boilers  are  summarized 
in  Table  1 7 ,  which  table  also  gives  the  heating  value  and  density 
of  this  gas  as  determined  by  the  Bureau  representatives.  More 
details  are  given  in  Tables  16  and  18,  including  the  results  of  analy- 
ses, hydrogen-sulphide  determination,  and  other  interesting  obser- 
vations. 

TABLE  17.— Lean  Gas  Produced 


Day  begiimlng  8  a.  m. 

Volume  (M  cubic  feel  at  60*  F, 
30  inches 

Heating 
value 
(Btu) 

Specific 

Battery 

Battery 
B 

To  boil- 
ers 

(air=l) 

September  29 

426 
492 
482 
505 
489 
448 

4680 
5091 
4957 
4761 
4764 
4762 

901 
353 
186 

491 
491 
487 
483 
495 
490 

0.451 
.405 
.419 
456 

September  30 ... 

October  1 

October  2 

Octobers 

458 

October  4 

.465 

2842 

29  015 

1440 

490 

.437 

From  these  tables  it  is  seen  that  the  total  production  of  gas, 
rich  and  lean  together,  amounted  to  2830  Btu  per  povmd  of  coal 
as  charged  or  3080  Btu  per  pound  of  dry  coal.  Of  this  total  1 280 
Btu  were  used  to  heat  the  ovens  for  each  pound  of  coal  as  charged. 
This  represents  48.8  per  cent  of  the  volume  of  gas  produced  or 
45.2  per  cent  of  the  Btu  produced  used  to  heat  the  ovens. 
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TABLE  18.— Gas  Production 


Sept. 
29 

Sept. 
30 

Oct.  1 

Oct.  2 

Oct.  3 

Oct.  4 

Total 

Aver- 
age 

Coal  used: 

As  charged tons . . 

Dry do 

996.6 
916.2 

976.2 
897.5 

1054. 4 
969.3 

1022,0 
939.5 

1015.4 
933.5 

1027.7 
944.7 

6092.3 
5600.6 

1015.4 
933.4 

Volume  of  gas  produced; 
Surplus- 
Rich  to  city. . .  .M  cubic  leet. . 

4887 
901 

5233 
353 

5416 
186 

5389 

5552 

5505 

31  982 
1440 

5330 
240 

Total  surplus do 

5788 

5586 

5602 

5389 

5552 

5505 

33  422 

5570 

To  ovens — 

Battery  A do 

Battery  B do 

426 
4680 

492 
5091 

482 
4957 

505 
4761 

489 
4764 

448 
4762 

2842 
29  015 

476 
4834 

Total  to  ovens do 

5106 

5583 

5439 

5266 

5253 

5210  1  31  857 

5310 

Totai  gas  made do 

10  894 

11  169 

11  041 

10  655 

10  805 

10  715 

65  279 

10  880 

Gas  per  ton  as  charged: 

Surplus cubic  feet.. 

To  ovens do 

5810 
5125 

5725 
5720 

5310 
5160 

5270 
5150 

5470 
5170 

5355 

5070 

5490 
5230 

Total do.... 

10  935 

U  445 

10  470 

10  420 

10  640 

10  425 

10  720 

Gas  per  ton  ol  dry  coal: 

Surplus do 

To  ovens do 

6315 

5575 

6225 
6220 

5780 
5610 

5735 
5605 

5950 
5625 

5825 
5515 

5970 
5690 

Total do.... 

11  890 

12  445 

11  390 

11  340 

11  575 

11  340 



11  660 

Gas  to  ovens  (per  cent  of  total) 

46.9 

50.0 

49.4 

49.4 

48.6 

48.6 

48.80 

Heating  value  of  gas: 

Rich Btu  per  cubic  loot.. 

Lean do 

575 
491 

570 
491 

568 
487 

558 
483 

578 
495 

566 
490 

569.2 
489.5 

Heat  in  gas  per  pound  of  coal  as 
charged : 

In  surplus  gas Btu.. 

In  gas  to  ovens do 

1630 
1260 

1615 
1405 

1505 
1255 

1470 
1245 

1580 
1280 

1515 
1240 

1550 
1280 

Total do.... 

2890 

3020 

2760 

2715 

2860 

2755 

2830 

Heat  in  gas  per  pound  ot  dry  coal: 

In  surplus  gas Btu.. 

In  gas  to  ovens do 

1775 
1370 

1755 
1530 

1640 
1365 

1600 
1355 

1720 
1390 

1645 
1350 

1690 
1390 

Total do.... 

3145 

3285 

3005 

2955 

3110 

2995 

3080 

Per  cent  of  heat  in  gas  used  to  colre 
coal 

43.6 

46.5 

45.5 

45.9 

44.8 

45.0 

45.2 

PART  V.  SUMMARY  AND   CONCLUSIONS 

The  great  importance  during  the  war  period  of  substituting 
mid-continent  coal  for  coals  from  more  distant  sources,  even  in 
by-product  coke-oven  work,  was  well  recognized.  The  Bureau  of 
Standards  was  ordered  to  conduct  an  investigation  of  a  new 
coke-oven  process  claimed  to  be  especially  suited  to  this  purpose, 
and  in  connection  with  this  the  Bureau  was  requested  to  conduct 
a  test  of  the  St.  Paul  plant  of  the  Minnesota  By-Product  Coke  Co., 
which  is  owned  by  The  Koppers  Co.,  Pittsburgh.  The  Bureau  of 
Standards,  in  cooperation  with  the  Bureau  of  Mines,  carried  out 
this  operating  test,  using  about  7600  tons  of  coal  from  the  Orient 
Mine,  Franklin  County,   111.     All  phases  of  coal  handling,  by- 
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product  recovery,  and  laboratory  tests  were  under  observation 
by  the  staff  of  37  Government  engineers  and  chemists  employed 
on  the  work.  In  addition,  those  in  charge  had  the  benefit  of 
advice  atad  comment  from  a  considerable  nutnber  of  experts 
who  are  specialists  in  the  field  of  coke-oven  operation. 

The  quantity  of  all  coal  used  and  of  all  by-products  obtained 
was  carefully  weighed  or  measured  at  regular  intervals  and  samples 
of  each  material  were  taken  for  analysis.  The  Bureau  of  Standards 
was  responsible  for  the  general  planning  and  supervision  of  the 
test  work.  Its  representatives  made  all  observations  of  battery 
operation,  high-temperature  measurements,  by-product  recovery, 
and  chemical  laboratory  work  on  gas  and  by-products.  The 
Bureau  of  Mines  was  responsible  for  the  sampling  of  the  coal, 
both  as  it  was  loaded  at  the  mine  and  as  dumped  at  the  plant. 
It  supervised  the  weighing,  coal-handling,  coke-handling,  and  coke- 
sampling  operations  and  made  all  analyses  of  coal  and  coke. 
Its  representatives  also  made  general  observations  on  the  character 
of  the  coke  and  operation  of  the  ovens. 

The  Minnesota  By-Product  Coke  Co.  plant  consisted  of  65 
ovens  of  i8>^  inches  average  width,  operating  during  the  test 
period  with  an  average  gross  coking  time  of  19  hours  and  33 
minutes  with  coal  finely  pulverized,  12.75  tons  per  oven  as  charged. 
The  temperature  of  the  heating  wall  as  determined  by  rare-metal 
thermocouples  averaged  about  1200°  C  during  the  test  period. 
The  coke  was  screened  to  produce  large  and  small  furnace  sizes; 
stove,  nut,  and  pea,  domestic  sizes,  and  breeze.  The  gas  was 
separated  into  riclj  and  lean  at  the  battery.  Separate  test  records 
were  kept  of  each  size  of  coke  and  of  each  quality  of  gas.  Prac- 
tically all  of  the  ammonia  produced  was  made  up  into  sulphate 
immediately  through  the  direct-recovery  process.  Although  the 
plant  operated  for  the  production  of  pure  light-oil  products, 
only  the  total  production  of  light  oil  was  measured,  but  the  yield 
of  various  constituents  was  determined  by  analysis. 

The  coke  produced  was  very  irregular  in  size,  had  a  longitudinal 
fracture,  was  fingery,  brittle,  and  shattered  easily.  The  cell 
structure  was  very  small  and  regular.  The  coke  was  lighter  than 
the  average  by-product  coke,  weighing  only  23  pounds  per  cubic 
foot.  Table  19  summarizes  the  characteristics  and  yield  of  this 
coke  further.  The  large  percentage  of  domestic  sizes  obtained,  and 
therefore  the  unusually  small  percentage  of  furnace  size,  demon- 
strates that  the  coke  will  not  stand  handling  and  screening  without 
breaking  up  into  many  smaller  sizes.  This  is  due  primarily  to  its 
fingery  and  brittle  characteristics. 
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TABLE  19.— Coal  and  Coke  Summary 

Coal  used: 

As  charged tons. .   7685.  6 

Dry do.. .  7065. 4 

Ovens  charged 603 

Coal  per  oven : 

As  charged tons.  .     12.  75 

Dry do.. .     11.  72 

Coking  time: 

Average  gross lirs:mins. .      19:33 

Average  net do 19:11 

Coke  produced  (dry): 

Furnace tons . .  2  704.  4 

Stove do.. .  1178.  I 

Nut do.. .  549-  5 

Pea do.. .  89.9 

Breeze do.. .  308.  4 


Total do.. .  4830.  3 


Ratio  of  dry  coke  to  dry  coal: 

Furnace .■.rfHjit...^:.'.i'j;. per  cent. .  38. 3 

Stove do 16.  7 

Nut do 7.  7 

Pea do I.  3 

Breeze do 4.  4 


Total do 68.4 

Sizes  of  coke  produced : 

Furnace per  cent.  .  56.  o 

Stove do 24.  4 

Nut do II.  4 

Pea do 1.8 

Breeze do 6.  4 


Total do 100.  o 

In  order  to  test  the  behavior  of  the  furnace-size  coke  produced 
from  the  Orient  coal,  arrangements  were  made  to  use  about  1800 
tons  of  this  material  in  the  blast-furnace  plant  of  the  Mississippi 
Valley  Iron  Co.  The  coke  regularly  used  at  that  furnace  is  pro- 
duced in  Koppers  ovens  of  the  Laclede  Gas  Light  Co.,  St.  Louis, 
from  a  mixture  of  Elkhorn,  Pocahontas  (low  volatile) ,  and  Illinois 
coals.  The  substitution  of  the  Illinois  coke  for  the  regular  supply 
was  accomplished  abruptly  and  continued  without  interruption 
throughout  the  lo-day  period.  Several  experts  were  present 
during  this  test,  and  it  was  the  unanimous  opinion  of  these  persons 
and  of  the  blast-furnace  operators  that  the  Illinois  coke  had  showoi 
highly  satisfactory  results.  However,  it  should  be  borne  in  mind 
that  the  furnace  used  for  this  test  was  of  small  capacity,  and  it 
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is  not  certain,  therefore,  that  the  results  in  this  case  would  be 
duplicated  on  a  large-size  furnace. 

The  yields  of  gas  and  by-products  are  summarized  in  Table  20. 

TABLE  20.— Gas  and  By-Product  Yield— Summary 


Per  ton  of  coal 


As 
charged 


Dry 


Gas: 

Surplus cubic  feet . 

To  ovens do. . . 

Total do... 

Tar: 

As  produced gallons. 

Dry  (computed) do... 

Ammonium  sulphate,  pure pounds . 

Ammonia do . . . 

Light  oil: 

As  produced gallons . 

Under  200°  C do... 

Benzene do.. . 

Toluene do... 

Solvent  naphtha do. . . 


5490 
5230 


7.81 

7.57 

27.88 

7.19 

3.71 

3.U 

2.105 

0.497 

0.130 


5970 
5690 


8.49 
8.23 
30.33 
7.82 

4.03 

3.38 

2.289 

0.540 

0.141 


As  a  result  of  the  test  it  is  clearly  demonstrated  that  some  of 
the  Illinois  coals  can  be  coked  in  the  "chamber-type"  oven 
without  radical  change  in  operating  methods  for  the  production 
of  coke  which  can  be  successfully  used  in  a  blast  furnace.  How- 
ever, it  appears  that  the  temperature  at  which  Illinois  coal  should 
be  handled  for  the  production  of  the  best  coke  is  somewhat  lower 
than  the  best  operating  temperatures  for  eastern  coals,  and  more- 
over the  speed  of  coking  of  the  Illinois  coal  is  somewhat  less. 
The  yield  of  gas*  and  by-products  from  Illinois  coal  of  the  kind 
tested  is  excellent,  both  in  quantity  and  quality.  Of  course  the 
coal  tested  in  this  case  represents  one  of  the  best  Illinois  coals 
for  coking  purposes,  being  lower  in  ash  and  sulphur  and  otherwise 
superior  to  many  from  this  field. 

In  general,  the  comparison  of  eastern  coking  coals  with  those 
from  the  mid-continent  field  must  be  made  upon  an  economic 
basis,  since  which  source  will  be  preferable  depends  altogether  on 
local  conditions  which  will  affect  the  cost  of  the  material  and  the 
relative  expense  of  handling.  These  phases  of  the  question  have, 
however,  not  been  discussed  in  this  report. 

Washington,  March  20,  191 9. 
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SUMMARIZED  REPORT  OF  TEST" 


By  F.  W.  Sperr,  Jr.,  Chief  Chemist,  The  Koppers  Co. 


In  considering  the  use  of  the  Minnesota  By- Product  Coke  Co.  's  plant  for  making 
a  test  on  Illinois  coal,  with  the  primary  object  of  making  blast-fumace  coke,  we  had 
to  deal  with  the  following  three  limitations : 

1.  The  plant  is  arranged  to  supply  the  domestic  coke  market  rather  than  to  make 
maximum  yields  of  metallurgical  coke.  The  elaborate  screening  system,  while  it  is 
well  adapted  to  the  separation  of  coke  into  the  various  sizes  required  by  the  trade,  is 
not  so  satisfactory  for  preserving  the  bulk  of  the  coke  as  blast-fumace  coke.  The 
matallurgical  screening  station  is  equipped  simply  with  a  2 j 2-inch  rotating  grizzly, 
which  takes  out  the  largest  pieces  of  coke  as  foundry  coke.  The  rest  of  the  coke 
passes  on  to  the  domestic  screening  station  where  it  is  separated  into  the  usual  sizes. 
When  there  is  a  demand  for  blast-fumace  coke  a  temporary  bar  screen  with  i^  inch 
openings  is  laid  over  the  rotating  grizzlj-  in  the  metalurgical  station.  The  coke  pass- 
ing over  this  temporary  screen  is  loaded  directly  into  cars  as  furnace  coke.  The 
position  of  the  temporary  screen  is  such  that  a  considerable  amount  of  hand  labor  is 
required  to  keep  it  clear  and  to  keep  the  coke  moving  freely  over  it  whenever  it  is 
used,  and  the  furnace  coke  drops  into  the  cars  from  a  ratlier  high  elevation;  botii  of 
which  conditions  cause  it  to  be  broken  up  somewhat  more  than  would  be  tlie  case  if 
the  screening  station  were  designed  primarily  to  produce  blast-fumace  coke.  War 
conditions  have,  however,  created  so  much  demand  for  metallurgical  coke  that  this 
temporary  screening  arrangement  has  been  much  used  since  the  plant  began  opera- 
tion. A  great  deal  of  coke  has  been  shipped  to  various  consumers,  particularly  to 
the  Algoma  Steel  Co.    There  have  been  no  complaints  regarding  its  physical  quality. 

2.  The  average  width  of  the  oven  chambers  is  iS^  inches.  There  is  no  doubt  that 
with  coal  of  the  character  of  Illinois  coal  a  stronger  coke  is  produced  in  narrower 
ovens.  For  example,  we  are  now  constructing  at  Terre  Haute,  Ind.,  ovens  of  16 
inches  average  width  to  coke  a  similar  coal. 

3.  The  requirements  of  the  city  of  St.  Paul  for  gas  from  this  plant  are  such  that 
the  operation  of  the  ovens  at  coking  periods  longer  than  about  ig}4  hours  would 
produce  a  great  deal  of  hardship.  This  situation  was  fully  discussed  by  F.  L.  Cross, 
general  manager  of  the  St.  Paul  Gas  Light  Co.,  in  his  letter  of  September  18,  igi8, 
to  T.  G.  Janney,  manager  of  the  Minnesota  By-Product  Coke  Co.  It  is  not  possible 
to  successfully  mix  water  gas  with  the  cokeK>ven  gas  in  quantities  greater  than  10  to 
15  percent  of  the  total,  and  the  quality-  of  water  gas  is,  of  coinse,  so  different  from  that 
of  coke-oven  gas  that  the  former  can  not  be  used  in  burners  and  other  appliances 
which  have  been  adjusted  for  the  latter.  Any  change  in  adjustment  of  burners  to 
take  care  of  temporary  conditions  is  impossible,  as  a  period  of  several  months  is 
required,  and  a  tremendous  hardship  to  consumers  results. 

^This  report  was  prepared  from  the  records  jnade  by  the  operating  force  of  the  Minnesota  By-Product 
Coke  Co..  and  is  presented  here  for  comparison  with  the  official  record. 
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A  preliminary  test  on  Orient  coal,  made  last  spring,  demonstrated  that  a  satisfactory 
blast-furnace  coke  could  be  produced  at  about  19  hours'  coking  time,  with  flue  tem- 
peratures about  2400°  F  (coke  side  corrected).  It  was  decided  to  run  the  test  on  this 
basis,  and  in  order  to  show  the  effect  of  longer  coking  period,  producing  larger  sized 
and  more  blocky  coke  from  coal  of  this  character,  a  single  oven  (No.  i)  was  selected 
and  operated  at  lower  temperatures.  Two  charges  were  coked  in  this  oven  in  about 
23  hours  and  tlae  tliird  charge  was  coked  in  25  hours.  The  effect  of  slow  coking  is, 
of  course,  interesting,  but  it  imquestionably  would  be  an  impractical  proposition 
to  sacrifice  the  plant  output  for  the  sake  of  making  bigger  coke. 

Previous  to  the  test  the  ovens  had  been  operating  at  less  than  17  hours'  coking 
time,  using  a  mixture  of  Pittsburgh,  Elkhom,  and  Pocahontas  coals.  Directions 
were  issued  to  lower  the  flue  temperature  to  2400°  as  soon  as  the  Illinois  coal  was 
charged ;  but  on  accoun  t  of  the  delay  due  to  cleaning  the  bins  when  making  the  change, 
and  to  the  imccrtainty  of  the  heaters  as  to  the  efTect  of  the  new  gas  upon  the  system, 
the  flue  temperatures  were  not  brought  down  so  rapidly  as  was  desired.  About  8 
hours  after  the  first  oven  had  been  charged,  the  temperatures  were  found  still  too 
high,  so  the  gas  was  cut  off  entirely  throughout  the  heating  system  until  the  right 
conditions  were  obtained.  The  coke  made  during  the  first  12  hours  of  the  test  was 
decidedly  overcoked,  but  improvement  was  manifest  as  soon  as  tlie  temperattire 
regulation  had  been  satisfactorily  effected.  With  the  exceptions  just  noted,  no 
essential  change  was  found  necessary  either  in  the  temperatin-e  or  in  the  coking  time 
throughout  the  entire  period  of  tlie  test.  The  average  gross  coking  time  from  Sep- 
tember 29  to  October  6,  inclusive,  was  19  hours  and  23  minutes,  or  1.06  homrs  per 
inch  of  oven  width.  The  schedule  of  gas  sent  to  the  city  during  period  of  test  shows 
that  the  requirements  were  satisfactorily  met. 

As  will  be  explained  under  head  of  "Coke  production"  in  the  following  summary 
of  data,  two  systems  were  used  for  screening  the  coke.  In  the  first  system  blast- 
furnace coke  was  made  by  the  usual  method  with  the  use  of  the  temporary  bar  screen. 
In  the  second  system  the  coke  was  put  through  the  entire  series  of  screens.  The 
results  seem  to  indicate  what  might  be  expected,  viz,  a  greater  amount  of  breakage 
in  the  various  operations  of  handling,  dropping,  and  screening  in  the  second  system 
than  in  the  first. 

Summary  of  Data 

First  oven-No.  60 (Charged  1:45  a.  m.,  Sept.  28 

iPushed  6:40  p.  m.,  Sept.  28 

,     .  -T  fCharsred  2:30  p.  m.,  Oct.  1; 

Last  oven — No.  59 <  ",       ■^    ^         '  -^ 

LPushed  7:35  a.  m.,  Oct.  6 

Number  of  ovens  charged 603 

Total  wet  coal  unloaded  (track  scales) tons . .  7609.  36 

Refuse  Bradford  breaker do. ...  14.  49 

Not  used  ° do ... .  7.  80 

Net  used do. . . .  7587.  07 

Larry  weight do ...  .  7640.  14 

Correction  factor per  cent .  .  99.3 

Water do.  ...  7.  04 

Wet  coal  per  oven tons. .  12.  58 

Dry  coal  per  oven  ' do.  .  . .  11.  69 

'  Comprising  5.88  tons  used  in  oven  No.  50  at  beginning  of  test  and  1.92  tons  left  over  at  end  of  test. 

'  This  average  figure  is  low  because  during  the  first  day  of  the  test  low  charges  were  used.  The  charging 
record  of  the  last  two  days  shows  that  in  regular  operation  there  could  be  charged  12.75  tons  wet  coal  =  11.85 
tons  dry  coal  per  oven. 
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The  coal  produced  very  little  refuse  in  the  Bradford  breaker;  approximately  60  tons 
went  into  the  refuse  bin  during  the  course  of  the  test,  but  this  was  all  put  back  into 
the  system  and  recirculated,  leaving  a  final  residue  of  14.49  tons. 

Coke  Production 

This  falls  in  two  divisions.  Up  to  October  i  a  i  J-inch  bar  screen  was  laid  over  the 
rotary  grizzly  in  the  metalliu-gical  screening  station.  The  oversize  was  loaded  as 
furnace  coke.  The  undersize  was  separated  as  usual.  After  oven  No.  65  had  been 
pushed  341  p.  m.,  October  i,  all  bins  were  cleaned  out  and  weights  of  all  products 
taken.  The  bar  screen  was  removed  and  the  coke  was  put  through  the  regular  system, 
making  the  following  separations; 

Through  revolving  screen  J  inch  and  under Breeze 

Through  revolving  screen  between  J  inch  and  \^  inch  square Pea 

Through  revolving  screen  between  l-J  inch  and  if  inches  square Nut 

Through  ij-inchrotary  grizzly  and  over  if-inch  square  revolving  screen Stove 

Through  si-inchrotary  grizzly  and  over  i|-inch  rotary  grizzly Egg 

Over  zj-inch  rotary  grizzly Foundry 

COKE  PRODUCTION,    SEPT.    28  TO    OCT.    I 


Tons  wet 

Percent 
HiO 

Tons  dry 

Percent 
yield 

28x9.  82 

1601.93 

142.62 

113.37 

19.87 

xoi-32 

6.05 

..58 
8.00 
12. 50 

13.  50 
15.00 

3649.  33 
1560.60 

131-  31 
99.  II 
17-39 
86.  13 

58.91 
4-95 

3-74 
.66 

Nut 

Pea 

Breeze 

3- 35 

ToUI 

71.51 

COKE  PRODUCTION,    OCT.    I    TO   OCT.    6 


4766.  28 

566.77 
703-  oS 

I209-  " 

510.94 
97-58 
269- 75 

7-59 

3-19 
3-  19 
8.00 
12.00 
12.00 
15.00 

4404-52 

548.69 
680.66 
JI12.  39 
449.63 
85.87 
229. 29 

■pniiTiflry  mlri* 

15-45 
25.26 

Pea  coke      

5-31 

Total 

70.60 

SUMM.\RY    OF   COKE   YIELDS DRY    BASIS  ° 


Sept.  28  to 
Oct.  I. 

Oct.  I  to 
Oct.  6. 

Percent. 

58.91 
9-3S 
3-25 

Pnctnt. 

53.17 

5.31 

o  This  classifies  the  coke  made  over  iH-inch  square  revolving  screen  Oct.  i  to  6  as  furnace  coke.     Domes- 
tic includes  stove,  nut,  and  pea  sizes  previous  to  Oct.  i,  and  nut  and  pea  sizes  only  Oct.  i  to6. 

By-Product  Yields 


For  computing  the  by-product  yields  the  period  beginning  8  a.  m.,  September  29 
and  ending  8  a.m.,  October  5  was  taken.  First  oven.  No.  6i ;  last  oven,  No.  23 ;  total 
ovens,  479;  wet  coal  charged  (larry  weights  corrected),  6030  tons;  average  moisture  in 
coal,  7.57  per  cent;  dry  coal  charged,  5573.5  tons. 
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BY-PRODUCT  YIELDS 


Yield  per 
ton  dry  coal 


Rich  gas  to  city M  cubic  feet. 

Gas  to  boilers  (lean  gas) do. . . 

Total  surplus  gas do. . . 

Gas  to  battery  A do. . . 

Gas  to  battery  B do. . . 

Total  gas  to  ovens do. . . 

Total  gas  made do. . . 

Tar gallons. 

Sulphate pounds. 

Light  oil  (86.6  per  cent) gallons. 

Light  oil  under  200'  C do. . . 

Benzene  (by  analysis) do. . . 

Toluene  (by  analysis) do. . . 


31  98J 
1430 

33  412 
3026 

"}  772 

33   798 
66    310 

47  S^o 
»S3  455 
23    236 


588s 
II  880 
8-53 
28.  79 
3-98 
3-44 


Note. — Above  iicnires  for  tar  and  gas  to  ovens  are  those  obtained  by  the  Bureau  of  Standards,  the  plant 
records  having  been  found  inaccurate.  All  gas  figures  are  corrected  to  60°  F  and  30  inches  of  mercury. 
Gas  to  ovens  was  computed  from  charts  of  Venturi  meters. 

Miscellaneous  Operating  Data 

Average  coking  time  Sept.  29  to  Oct.  4,  inclusive hours:  min. .  19:23 

Btu  to  coke  I  pound  of  dry  coal 1430 

Total  gallons  enricher  used  Sept.  29  to  Oct.  4,  inclusive 15  655 

Gallons  enricher  per  M  cubic  feet  gas o.  49 

Coal  carbonized  per  man  per  day tons.  .  3.  9 

Flue  temperature  after  reversal  (coke  side) °F. .  2400 

Most  of  the  ovens  pushed  with  about  130  amperes,  but  a  considerable  number 
required  more  on  account  of  soft  coke  breaking  up  in  front  of  the  ram  so  that  the 
average  for  the  test  was  172  amperes. 

There  were  four  stickers,  viz:  Oven  No.  8,  September  28,  oven  No.  49,  September 
29,  and  ovens  Nos.  10  and  20,  October  i.  The  writer  did  not  observe  oven  No.  8, 
but  the  cause  of  the  other  three  was  undoubtedly  undercoking,  the  last  two  ovens 
particularly  having  been  opened  sooner  than  usual  in  order  to  bring  them  into  series 
after  a  previous  delay. 

LIGHT-OIL   DISTILLATION 

Per  cent 

76.3°  C First  drop 

93°  C 62.  o 

100°  C 67.  6 

120°  C 75.  6 

150°  C 80.  8 

iSo°  C 83.  8 

200°  C 86.  7 

Analysis  of  light  oil  by  Laclede  still  (sample  being  a  i-gallon  portion  of  accumu- 
lated sample  taken  by  Biu-eau  of  Standards). 


Per  cent 
••     8-3 


defines 

Benzene 56.  i 

Tjlucne 14.  3 

Solvent 3.6 

Residue 17.  7 

Paraffins None 


Pittsburgh,  Pa.,  October  14,  igi8. 
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Fig.  25. — Typical  appearance  of  soles  after  cotnpleiion  of  actual  service  test 
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I.  INTRODUCTION 

The  qixestion  as  to  what  constitutes  the  best  wearing  sole  leather 
is  one  which  vitally  affects  nearly  every  individual  in  the  country. 
The  extent  of  production  of  leather  for  shoe  soles  in  this  countn.'- 
alone  is  clearly  indicated  by  the  fact  that  in  normal  times  the 
hides  of  9  000  000  cattle  are  tanned  and  finished  annually  for 
this  purpose.  From  these  9  000  000  hides  which  are  equivalent 
to  18000000  sides'  or  bends,  there  are  produced  the  enormous 
total  of  504  000  000  pairs  of  men's,  women's  and  children's  soles, 
which  represent  a  per  capita  production  of  approximately  five  pairs. 

'Census  of  Manufacturers,  1914 — The  Leather  Industry-.  Bmeau  of  the  Census. Department  of  Commerce. 


Effects  of  Glucose  and  Salts  on  Sole  Leather  5 

The  demand  for  sound  and  high  quaUty  sole  leather  was  greatly 
increased  by  the  participation  of  this  country  in  the  war.  It  was 
necessary  that  our  soldiers  be  shod  only  with  the  best  obtainable 
leather  and  to  accomplish  this,  efforts  were  made  to  compile  a 
suitable  specification  under  which  the  leather  could  be  purchased. 
It  proved  to  be  a  difficult  matter  to  present  a  specification  satis- 
factory to  every  one  concerned,  because  of  honest  differences  of 
opinion  which  developed  among  tanners,  chemists,  manufacturers 
and  other  men  in  the  trade,  in  regard  to  just  what  should  be  the 
proper  composition  of  good  quality  sole  leather.  Several  points 
of  difference  arose,  chief  among  which  was  the  effect  of  the  presence 
of  added  glucose  and  salts  on  the  wearing  quality  of  the  leather. 
This  point  was  made  a  subject  of  investigation  and  this  paper,  the 
first  of  a  series,  deals  with  the  methods  and  results  of  the  tests 
conducted. 

During  the  latter  part  of  191 7,  samples  of  44  brands  of  commer- 
cial oak  sole  leather  were  analyzed  at  the  Bureau  of  Standards 
for  the  Council  of  National  Defense,  which  then  controlled  the 
purchases  of  shoes  for  the  War  Department.  The  analyses  showed 
a  variation  in  the  water-soluble  content  of  from  15  to  28  per  cent, 
in  glucose  from  i  to  1 1  per  cent,  and  in  salts  from  practically  none 
to  5  per  cent.  Two  main  classes  of  leather  were  represented,  viz, 
one  that  contained  little  or  no  added  glucose  and  salts  and  one 
that  contained  large  quantities  of  added  glucose  and  salts. 
The  advocates  of  leather  with  a  high  percentage  of  glucose  and 
salts  claimed  that  the  process  allowed  more  tanning  material  to  be 
added  without  producing  a  harsh,  cracky  leather,  that  it  plumped 
the  hide,  thereby  causing  increased  thickness  and  hence  wear, 
thus  actually  conserving  the  hide  supply,  and  produced  a  well  filled, 
firm  leather  from  which  the  glucose  and  salts  would  not  wash  out 
faster  than  the  leather  itself  wore  away.  It  was  further  pointed 
out  that  the  experience  of  shoe  manufacturers  showed  that  the 
addition  of  at  least  a  certain  amount  of  glucose  and  salts  produced 
a  leather  of  uniform  color,  a  better  "feel,"  and  at  the  same  time 
stiffened  the  flanky  and  loose  fibered  portions  of  the  hide,  thus 
allowing  soles  to  be  cut  from  parts  of  a  hide  which  otherwise  would 
be  too  soft  and  spongy  for  satisfactory  use.  Those  who  opposed 
the  use  of  glucose  and  salts  in  sole  leather  claimed  that  it  served 
no  useful  purpose,  did  not  add  to  the  life  of  the  leather,  and  would 
readily  wash  out,  leaving  a  sole  less  resistant  to  moisture,  thereby 
hastening  decomposition  and  injuring  the  health  of  the  wearer. 
They  further  pointed  out  that  this  process  was  practised  by  many 
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tanners  for  the  purpose  of  weighting  or  adulterating  the  leather, 
which  was  accomplished  by  giving  the  hides  a  quick  tannage  and 
adding  the  glucose  and  salts  to  obtain  the  same  weight  at  less  cost 
than  would  be  obtained  by  a  longer  tanning  and  the  accompanying 
addition  of  tanning  material. 

It  is  proper  to  state  at  this  point,  by  way  of  explanation,  that  a 
limited  amount  of  glucose,  which  is  the  principal  material  used  for 
filling  sole  leather,  is  present  in  many  of  the  tanning  materials  used 
and  that  as  much  as  2  per  cent-  may  be  found  in  the  finished 
leather  from  this  source  alone.  Any  amounts  greatly  in  excess  of 
this  percentage  indicate  that  some  has  been  added  in  the  finishing 
of  the  leather. 

In  view  of  the  many  conflicting  opinions  and  lack  of  reliable 
information  on  the  subject,  the  Bureau,  with  the  cooperation  of 
the  War  Department  and  the  National  Association  of  Tanners, 
conducted  this  investigation. 

II.  PURPOSE    OF   INVESTIGATION 
1.  PREVIOUS   WORK 

It  is  believed  that  previous  to  the  time  this  investigation  was 
started  no  experiments  had  been  conducted  on  a  large  scale  which 
gave  results  indicative  of  the  effects  of  glucose  and  salts  on  the 
wear  of  sole  leather.  Many  wearing  tests  have  been  made  where 
only  a  few  pairs  of  soles  were  used  and  the  value  of  the  results 
obtained  was  uncertain,  because  the  location  on  the  hide  from 
which  the  soles  were  cut  was  not  considered.  The  length  of 
wear  of  any  particular  sole  for  any  one  type  of  leather  depends 
largely  upon  its  location  on  the  hide.  Many  purely  chemical 
investigations  have  been  made  on  various  classes  of  leather  to 
show  that  they  contained  excessive  amounts  of  weighting  material, 
but  no  tests  were  made  to  show  the  effects  of  this  same  material  on 
the  wearing  quality. 

2.  REASONS  FOR  FURTHER  INVESTIGATION 

Where  the  production  of  a  commodity  is  so  great,  as  in  the  case 
of  sole  leather,  and  when  an  article  is  of  such  universal  use,  it  is 
but  natural  that  considerable  thought  and  effort  should  be  given 
to  the  producing  of  a  high  quality  material.  Scientific  investiga- 
tions are  largely  responsible  for  the  development  of  high  grade 
products  and  thus  an  investigation  of  this  character  is  of  value 

^  Leather  Industries  Laboratory  Book,  by  H.  R.  Proctor,  1908. 
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in  so  far  as  the  results  aid  the  manufacturer  in  the  betterment  of 
his  product.  The  reasons  for  further  investigation  are  that  there 
are  differences  of  opinion  regarding  the  question  involved  among 
responsible  men  in  the  trade,  that  there  is  no  information  avail- 
able which  gives  reliable  data  on  the  subject,  and  that  it  is  desir- 
able to  promote  in  the  leather  trade  a  more  active  interest  regard- 
ing the  composition  of  sole  leather. 

3.  DEFINITE  OBJECT  OF  THE  INVESTIGATION 

The  primary  object  of  this  particular  investigation  was  to  deter- 
mine the  effects  of  glucose  and  salts  on  the  wearing  quality  of  sole 
leather.  In  other  words,  an  attempt  was  to  be  made  by  actual 
wear  tests  to  see  whether  a  leather  containing  a  large  amount  of 
added  glucose  and  salts  would  wear  a  longer  or  shorter  time  than 
a  leather  well  tanned  and  filled  with  tanning  materials.  The 
important  test  to  determine  the  durability  of  sole  leather  is  the 
service  test,  but  chemical  investigations  were  also  made  to  show 
the  composition  of  the  leathers  tested. 

At  the  same  time  other  items  of  interest  were  to  be  studied,  such 
as  the  variation  in  wear  due  to  the  location  on  the  hide,  an  obser- 
vation as  to  whether  the  water-soluble  materials  wash  out  of  the 
leather,  the  water-resisting  qualities  of  the  various  leathers,  the 
effects  of  any  other  chemical  constituents  on  the  wearing  quality, 
the  effects  of  wear  on  the  chemical  composition  of  the  leather,  and 
the  relative  cost  of  the  two  types  of  leather  tested. 

III.  METHODS 

The  investigation  consisted  of  three  distinct  divisions  of  work, 
as  follows:  The  selection  of  the  leather,  the  field  tests,  and  the 
laboratory  tests.  The  selection  of  the  leather  consisted  in  securing 
brands  which  had  the  proper  composition  for  the  test.  The  field 
tests  involved  the  actual  wearing  of  the  soles  to  determine  the 
comparative  wear  of  the  different  leathers.  The  laboratory  tests 
conducted  were  wearing  tests  on  a  machine  designed  to  give  an 
indication  of  the  relative  durability  of  sole  leather,  and  included 
also  the  determination  of  specific  gravities,  water  absorption  qual- 
ities, and  chemical  analyses  of  the  original  leather  and  the  worn 
soles. 

1.  SELECTION   OF  THE  LEATHER 

The  selection  of  suitable  leather  for  the  tests  was  a  matter  of 
considerable  difficulty  because  there  were  so  many  tannages  and 
brands  available.     In  order  to  limit  the  variable  due  to  the  tan- 
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nage  in  so  far  as  possible,  it  was  decided  to  limit  the  investigation 
to  vegetable-tanned  leather  made  in  a  manner  to  produce  the 
nearest  approach  to  purely  oak-tanned  leather.  Th-e  two  classes 
to  be  secured  were  one  with  no  added  glucose  or  salts  and  one  with 
a  large  amount  of  these  materials  added.  It  was  assmned  that 
the  former  leather  would  have  a  low  water-soluble  content,  while 
that  of  the  latter  would  be  much  higher  in  comparison.  Upon 
this  basis  samples  of  eight  brands  of  commercial  sole  leather  were 
obtained  by  first  laying  aside  15  bends  from  a  carload  lot  of  the 
leather  as  soon  as  it  reached  the  warehouse  so  that  the  same 
leather  would  be  available  later  should  it  be  desired  for  test  pur- 
poses. Samples  from  a  few  of  the  bends  in  each  lot  were  then 
analyzed  in  order  to  make  a  study  of  the  water  solubles,  and 
especially  the  glucose  content.  This  latter  constituent  was  found 
to  vary  from  1%  to  10  per  cent,  while  only  two  of  the  leathers 
indicated  that  a  large  amount  had  been  added.  The  surprising 
fact,  however,  was  that  the  percentage  of  water  solubles  was 
approximately  the  same  for  all  brands,  which  showed  that  those 
leathers  not  filled  with  soluble  non-taimins  contained  sufficient 
soluble  tanning  materials  to  nearly  equalize  the  water-soluble 
content.  Four  of  these  eight  leathers  were  chosen  for  the  test, 
two  which  indicated  that  considerable  glucose  had  been  added  and 
two  which  showed  that  very  little  was  present. 

(o)  Description  of  the  Leather  Selected. — Each  brand  of 
leather  was  made  by  a  different  manufacturer,  and  the  processes 
used  as  obtained  from  the  manufacturers  are  described  hereafter 
and  are  representative  of  the  methods  now  used  in  this  country  to 
produce  a  high  grade  leather. 

Sample  A  was  a  leather  which  contained  a  high  percentage  of 
added  glucose  and  no  added  salts.  The  hides  used  were  Chicago 
Packer  and  South  American  Frigorifico  steers.  The  preparation 
of  the  hides  in  the  beam  house  was  conducted  in  the  usual  manner 
with  no  special  treatment.  The  hides  were  given  a  preliminary 
tannage  in  the  rockers  and  then  handled  either  four  or  five  times 
in  the  layaways,  according  to  the  weight  of  the  hides.  The  tan- 
ning materials  used  were  chestnut  oak  bark,  liquid  chestnut  wood 
extract,  and  a  small  cjuantity  of  dry  quebracho.  The  manufac- 
turers considered  that  they  used  a  larger  proportion  of  oak  bark 
than  is  customary  among  tanners.  After  the  tanning  process  had 
been  completed  the  leather  was  scoured  by  washing  and  then 
running  through  a  Quirin  press,  after  which  glucose  was  added  by 
drumming,  followed  by  the  addition  of  oil  by  the  same  method. 
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The  mechanical  finishing  processes  consisted  of  setting  out  on  a 
drum  setting  machine  and  then  rolling  twice.  The  resulting 
leather  had  the  characteristic  light  oak  color. 

Sample  B  contained  added  glucose  but  in  smaller  proportion 
than  was  found  in  sample  A.  Salts  also  were  added.  The  Biureau 
was  unsuccessful  in  obtaining  from  the  manufactiu^ers  any  infor- 
mation regarding  the  treatment  of  this  leather. 

Sample  C  was  a  leather  containing  a  small  amount  of  added 
glucose  and  salts  for  the  purpose  only  of  producing  uniform  color. 
The  hides  were  La  Plata  South  American  steer,  January  kill. 
The  usual  beam-house  methods  were  employed  in  the  preparation 
for  tanning.  The  tanning  was  accomplished  by  first  hanging  in 
handlers,  rocking,  and  then  laying  away.  After  the  vat  tannage 
had  been  completed  to  the  belting  stage  the  hides  were  further 
tanned  by  adding  the  maximum  amount  of  extract  possible  in 
drums.  The  tanning  agents  were  chestnut  oak  bark  and  chestnut 
wood  extract.  A  Fitz-Henry  machine  was  used  for  scouring, 
after  which  a  small  amount  of  glucose  and  salts  was  added  in  the 
oil  mill  previous  to  adding  the  oil  in  the  same  mill.  After  drying, 
the  mechanical  treatments  given  consisted  of  first  sammying  the 
leather  and  then  rolling.  After  partially  drying,  another  rolling 
was  given. 

Sample  D  contained  only  a  little  glucose  and  salts.  The  hides 
were  Armour  heavy  Texas  steers,  July  kill.  The  usual  beam- 
house  methods  were  used  with  the  exception  of  deliming,  which 
was  accomplished  by  the  use  of  hen  bate.  No  acids  or  chemical 
agents  of  any  kind  were  used  in  the  preparation  of  the  hides  for 
tanning,  which  process  was  first  to  suspend  the  hides  in  the  hand- 
lers, after  which  they  were  given  a  full  six-months'  treatment  by 
the  old-fashioned  lay-away  process.  The  tanning  materials  used 
were  chestnut  oak  bark  with  a  small  percentage  of  chestnut  wood 
extract.  After  tanning,  the  excess  of  soluble  and  insoluble  mate- 
rials was  removed  by  scouring  on  a  Fitz-Henry  machine,  followed 
by  bleaching.  After  oiling  in  a  wheel  the  leather  was  dried.  The 
mechanical  finishing  consisted  of  sammying  the  leather  and  spong- 
ing it  with  clear  water  and  cod  oil,  after  which  a  heavy  rolling 
was  given.  The  leather  was  then  resammied  until  the  next  day 
and  given  a  final  rolling.  A  thorough  inspection  was  then  made 
and  any  parts  not  well  rolled  were  given  additional  treatment. 
By  using  the  extreme  pressure  of  the  rolls  the  fibers  were  well 
packed  down  so  that  a  firm  water-resisting  leather  was  produced. 
121192°— 19 2 
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(6)  Preparation  of  Samples. — The  procedure  outlined  for 
conducting  the  investigation  not  only  called  for  actual  service 
tests  of  the  leather  but  also  required  several  laboratory  examina- 
tions, the  results  of  which  were  to  be  correlated  as  far  as  possible 
with  the  field  tests.  Considerable  attention  was  given  to  the 
proper  cutting  of  the  bends  of  leather  so  that  satisfactory  samples 
could  be  obtained  for  all  tests  and  comparisons.  Fig.  i  shows  the 
manner  in  which  each  bend  was  divided  into  blocks,  from  each  of 
which  samples  were  obtained  for  the  various  tests.  In  all  cases 
the  bends  were  marked  off  into  strips  5  inches  wide,  beginning 
at  the  intersection  of  the  shoulder  end  and  backbone  edge.  The 
strips  were  then  divided  into  blocks  15  inches  long.  These 
blocks  were  numbered  consecutively  across  the  bend  from  the 
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Fig.  I. — Chart  showing  the  nwlhod  of  dividing  a  bend  into  blocks 

backbone  edge  to  the  belly  edge,  beginning  with  No.  i  at  the 
butt  end  near  the  tail,  and  in  the  direction  from  butt  to  shoulder 
were  numbered  in  steps  of  10.  In  this  manner  each  block 
received  a  code  number  which  definitely  fixed  its  location  on  the 
bend.  The  bends  of  leather  for  each  type  were  numbered  from 
I  to  15,  inclusive,  and  all  the  blocks  cut  from  one  type  of  leather 
were  stamped  with  a  code  letter.  Thus  a  block  bearing  the 
symbol  5-B-23  would  be  readily  recognized  as  being  cut  from 
bend  No.  5  of  type  B  in  location  23.  Fig.  2  represents  the 
manner  in  which  each  individual  block  was  divided. 

Samples  for  Field  Wearing  Tests. — Each  bend  of  leather  was  cut 
into  blocks  as  described  previously.  From  each  of  the  blocks  a 
sole  (Fig.  2,  A)  was  cut  large  enough  to  cover  a  range  of  shoe  sizes 
up  to  and  including  size  1 1 ,  care  being  taken  to  see  that  each  sole 
was  stamped  with  the  same  identification  symbol  appearing  on 
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the  block  from  which  it  was  cut.  All  soles  were  cut  in  the  same 
direction,  with  the  toe  of  the  die  pointing  toward  the  shoulder 
end  of  the  bend.  An  even  number  of  left  and  right  soles  were 
cut  from  each  type,  so  that  all  soles  of  any  particular  leather 
would  not  be  worn  on  the  same  foot.  After  being  matched  in 
pairs  the  soles  of  each  pair  were  evened  to  the  same  iron  or  thick- 
ness and  were  then  ready  for  attaching  to  shoes  for  testing. 
Little  skiving  of  any  sole  was  required. 

Samples  for  Machine  Wearing  Tests. — Each  block  was  of  suffi- 
cient size  so  that  the  part  remaining  beyond  the  toe  of  the  die 
was  large  enough  for  a  test  specimen  to  be  used  on  the  laboratory 
wearing  test  machine.     This  sample  is  represented  by  Fig.  2,  B. 

Samples  for  Chemical  Analyses. — The  scrap  around  the  sole 
represented  by  Fig.  2,  C,  was  collected  after  each  sole  had  been 
cut  and  placed  in  a  container  marked  with  the  symbol  on  its 
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Fig.  2. — Chart  shouiing  the  division  of  a  block  into  samples  for  field  and  laboratory  tests 

respective  block.  A  composite  sample  from  all  the  blocks  of  the 
same  location  for  each  type  of  leather  was  used  for  chemical 
analyses. 

Samples  for  Specific  Gravity  Tests. — Samples  for  the  determina- 
tion of  specific  gravity  were  obtained  from  that  part  of  the  block 
adjacent  to  the  sole  and  wearing  machine. samples  designated  by 
Fig.  2,D. 

Samples  for  Water  Absorption  Tests. — A  few  samples  for  this 
test  were  obtained  from  each  location  on  the  bend  where  the 
blocks  were  either  not  large  enough  to  furnish  a  sole  or  were 
damaged  by  brands  or  cuts  to  such  an  extent  that  the  sole  was 
valueless  for  testing. 

2.  FIELD   TESTS 

(a)  Wearing  Tests. — The  most  practical  and  satisfactory 
method  of  determining  the  durabihty  of  sole  leather  is  by  an  actual 
test  in  service.    To  select  a  number  of  soles  at  random  without 
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knowledge  of  from  what  parts  of  the  hides  they  were  obtained 
and  then  place  them  in  service  indiscriminately  among  several 
individuals,  the  natm^e  of  whose  work  is  radically  different,  intro- 
duces so  many  variables  that  the  results  of  the  tests  will  be  of 
questionable  value.  With  this  in  mind,  the  character  of  these 
tests  was  so  planned  that  all  possible  variables  were  eliminated. 
The  type  of  tannage  was  first  considered  and  it  was  decided  to 
use  leather  tanned  with  oak  bark  and  chestnut  wood  extract. 
The  fibrous  structure  varies  greatly  throughout  any  hide,  those 
parts  near  the  back  and  over  the  kidneys  being  close  fibered  and 
producing  the  firmest  leather  while  the  belly  and  shoulder  parts 
are  made  up  from  looser  fibers  and  thus  produce  leather  which  is 
sometimes  soft  and  spongy,  less  resistant  to  moisture,  less  firm, 
and  hence  less  durable.  This  difference  in  texture  renders  the 
location  from  which  a  sole  is  cut  a  most  important  and  deciding 
factor  in  its  durability.  Other  variable  factors  affecting  the 
results  of  any  experiments  of  this  kind  are  the  weight  of  indi- 
viduals, physical  imperfections,  or  personal  peculiarities  in  walk- 
ing, which  cause  more  pressure  to  be  placed  on  one  foot  than  on 
the  other,  the  nature  of  the  work  performed,  the  nature  of  the 
ground  on  which  the  individual  habitually  walks,  and  the  weather 
conditions. 

Plan  of  Comparison. — A  system  of  making  the  tests  was  decided 
upon  which  was  designed  to  eliminate  or  compensate  for  many  of 
these  varying  conditions.  The  soles  were  so  matched  in  pairs  that 
each  individual  would  make  a  complete  test.  This  was  accom- 
plished by  placing  on  one  shoe  of  each  pair  a  certain  type  of 
leather  and  on  the  other  shoe  the  particular  leather  with  which 
the  comparison  was  desired.  The  method  of  compensating  for  the 
difference  in  wear  due  to  location  on  the  hide  was  to  match  the 
pairs  so  that  the  two  soles  of  any  pair  were  cut  from  the  same  por- 
tion of  their  respective  bends.  Thus  a  sole  cut  from  location  23 
on  a  bend  of  types  A  or  B  leather  would  be  tested  against  a  sole 
cut  from  location  23  on  a  bend  of  types  C  or  D.  Since  there  were 
1 5  bends  of  each  brand  of  leather  there  were  1 5  soles  cut  from  the 
same  location,  8  of  which  were  right  soles  and  7  left  soles.  Half 
of  the  soles  from  each  of  samples  A  and  B,  which  represented  the 
leather  filled  wath  glucose  and  salts,  were  tested  against  sample 
C,  while  the  other  half  were  tested  against  sample  D.  If  all  the 
soles  had  been  suitable  for  testing  purposes  there  would  have 
been  225  soles  to  each  brand.     This  number  was  reduced  con- 
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Fig.  4. — Laboratory  wearing  machine 
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siderably  b}?^  unsatisfactory  soles,  but  it  was  sufficiently  great  and 
the  soles  were  matched  in  such  a  manner  that  the  differences  in 
wear  due  to  individual  characteristics  were  equalized  in  the  aver- 
age results. 

The  men  selected  to  make  the  test  were  infantry  soldiers  at 
Camp  Meade,  Md.  The  advantages  of  testing  the  soles  on  soldiers 
were  that  all  men  were  as  nearly  as  possible  of  the  same  physical 
standard,  their  work  on  duty  was  the  same  in  each  case,  and  all 
tests  were  made  under  the  same  ground  and  weather  conditions. 

System  of  Inspection. — A  system  of  inspection  was  introduced 
whereby  a  representative  of  the  Bureau  visited  the  camp  one  day 
of  each  week  to  inspect  the  soles  while  the  test  was  in  progress. 
This  inspection  was  readily  made  because  of  the  fact  that  on  the 
day  designated  all  the  men  in  each  barracks  who  were  wearing  test 
shoes  would  assemble  them  in  some  convenient  location  in  the 
building.  This  weekly  examination  gave  an  opportunity  of 
keeping  in  touch  with  the  test  and  of  observing  the  performance 
and  wear  of  the  various  leathers. 

Records. — A  careful  record  was  made  of  the  soles  on  each  pair 
of  shoes  and  a  number  was  assigned  to  them  which  was  punched 
on  the  tongue  of  the  shoes.  A  weekly  report  card  was  designed 
and  furnished  each  man  wearing  test  shoes.  On  the  face  of  the 
card  appeared  the  date,  number  assigned  to  the  pair  of  soles,  test 
number,  report  number,  and  spaces  provided,  for  the  wearer  to 
fill  in  stating. the  days  worn,  the  kind  of  work  done,  the  weather 
conditions,  and  remarks.  Fig.  3  represents  the  form  used.  The 
card  for  the  week  was  placed  in  one  of  the  shoes  on  inspection  day 
and  was  collected  by  the  Bureau  representative,  who  left  a  similar 
form  to  be  used  the  following  week.  When  either  sole  was  worn 
through  the  date  was  noted  on  the  card  and  the  munber  of  days 
worn  was  then  easily  calculated. 

3.  LABORATORY  TESTS 

(a)  Machine  Wearing  Tests. — The  field  wear  tests  were 
supplemented  by  laboratory  machine  wearing  tests  to  see  whether 
this  machine  could  be  used  to  indicate  the  behavior  of  sole  leather 
in  actual  service. 

Description  of  Wearing  Machine  (Fig.  4). — A  wheel  of  15  inches 
diameter  carries  on  its  face  twelve  test  pieces.  The  wheel  revolves 
at  the  rate  of  30  revolutions  per  minute  about  a  horizontal  axis 
with  its  bearings  in  two  parallel  metal  bars  which  are  pivoted  at 
one  end,  the  other  end  being  free.     The  wheel  carrying  the  weight 
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of  the  bars  (and  any  additional  weight  that  may  be  suspended 
from  their  free  end)  rests  on  a  horizontal  disk  of  i6  inches  diame- 
ter, the  point  of  contact  being  5/2  inches  from  the  axis  of  the  disk. 
This  disk  has  a  surface  of  carborundum  and  rotates  about  a  ver- 
tical axis  on  which  is  a  brake  wheel  provided  with  a  brake  strap, 
by  means  of  which  any  desired  resistance  to  rotation  may  be 
secured  by  the  application  of  dead  weight.  The  wheel  is  driven 
by  a  chain,  and  in  turn  drives  the  horizontal  disk  with  which  the 
test  pieces  are  in  contact.  The  apparatus  is  designed  with  the 
view  of  subjecting  the  test  piece  to  (i)  a  driving  (shearing)  action 
under  pressure  and  (2)  a  slight  abrasive  action  resulting  from  the 
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Fig.  3. — Record  card  for  field  -rearing  tests 

circular  path  of  contact  between  the  wheel  and  disk.  The  condi- 
tions of  pressure  and  shear  may  be  adjusted  as  desired. 

A  circular  brush  is  shown  resting  on  the  carborundum  disk. 
This  brush  in  connection  with  a  small  exhauster  tends  to  keep  the 
surface  of  the  wearing  disk  clean. 

A  test  consists  of  40  000  revolutions  of  the  wheel,  which  corre- 
sponds with  40  000  steps,  or  approximately  40  miles  of  walking. 

Method  of  Making  Test. — Rectangular  samples,  about  4  inches 
long  and  2  inches  wide,  of  the  leather  to  be  tested  are  prepared, 
carefully  weighed,  and  then  attached  to  the  face  of  the  Avheel  by 
means  of  countersunk  screws.     The  wheel  was  designed  to  allow 
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space  for  twelve  samples.  Between  each  leather  sample  a  speci- 
men of  rubber  composition  was  inserted  which  acted  in  a  manner 
to  prevent  the  small  interstices  of  the  carborimdum  surface  from 
being  clogged  with  leather  dust.  Thus  six  samples,  representing 
the  leather  used  on  three  pairs  of  shoes,  were  tested  at  one 
time.  The  wearing  test  consists  simply  of  allowing  the  test  wheel 
to  revolve  for  40  000  revolutions,  after  which  enough  material 
has  worn  away  to  give  an  indication  of  the  relative  wear.  The 
samples  are  then  weighed  again  to  determine  the  loss  in  weight. 
The  loss  in  volume  is  then  determined  from  the  loss  in  weight  and 
the  specific  gravity.  The  leather  showing  the  least  loss  in  volume 
should  have  the  longest  life  in  service. 

(5)  Chemical,  Analyses. — A  complete  chemical  analysis  was 
made  of  the  leather  from  each  location  on  the  bend  (Fig.  i)  for 
each  brand.  For  example,  material  from  location  number  23  of 
each  bend  of  the  same  kind  of  leather  was  used  for  a  composite 
sample  for  the  analysis  of  that  block.  A  similar  sample  was 
obtained  for  all  locations  of  each  brand  making  a  total  of  80 
complete  analyses. 

A  similar  analysis  was  made  of  the  worn  soles  to  determine  the 
effects  of  the  wear  on  the  composition  of  the  leather. 

The  chemical  work  was  done  cooperatively  by  the  leather  labora- 
tory of  the  Bureau  and  the  American  Leather  Research  Labora- 
tory. The  official  methods  of  the  American  Leather  Chemists' 
Association  -were  followed. 

(c)  Determination  of  Specific  GRA\aTY. — A  determination  of 
specific  gravity  was  required  for  use  in  calculating  the  results  of 
the  machine  wearing  tests  and  for  the  purpose  of  obtaining  infor- 
mation as  to  the  densities  of  the  different  brands  of  leather  tested. 

Apparatus  and  Method  Used. — The  instnmient  used  for  deter- 
mining the  specific  gravity  was  a  direct  reading  gravitometer 
(Fig.  5).  Small  samples  of  leather  were  coated  with  cellulose 
nitrate  to  make  them  waterproof.  A  sample  was  then  attached 
to  the  needle  point  of  the  apparatus  and  the  weight  beam  moved 
to  bring  the  index  opposite  the  upper  limit  of  the  graduated  arc. 
The  glass  vessel,  filled  with  water,  was  then  raised  until  the  sample 
was  completely  immersed.  The  pointer  then  moved  along  the 
scale  and  indicated  the  specific  gravity.  The  determinations  were 
accinrate  to  the  second  decimal  place. 

{d)  Water  Absorption  Tests. — The  resistance  of  leather  to 
the  penetration  of  moisture  depends  on  several  conditions.  The 
compactness  of  the  fibers,  am.ount  of  soluble  materials  present. 
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tannage,  and  amount  of  grease  present  are  all  factors  which  have 
an  influence  on  this  property. 

Method  of  Making  Tests. — Samples  were  prepared  i^  inches 
square  and  carefully  weighed.  They  were  then  immersed  in  dis- 
tilled water  in  a  suitable  receptacle  for  30  minutes,  after  which 
time  they  were  wiped  dry  and  weighed  again.  The  samples  were 
then  placed  in  a  fresh  supply  of  distilled  water  and  allowed  to 
remain  for  24  hours,  after  which  another  weighing  w^as  made. 
In  order  to  arrive  at  the  true  percentage  of  moisture  absorbed  a 


Fig.  5. — Direct  reading  gravHometer 

correction  was  made  for  the  soluble  materials  that  soaked  from 
the  leather,  by  evaporating  the  solutions  in  which  the  samples 
were  soaked  and  adding  the  percentage  thus  found  to  have  leached 
out,  to  the  apparent  water  absorption. 

IV.  DATA    AND    RESULTS    OBTAINED 
1.  FIELD   TESTS 

The  results  of  the  actual  service  tests  are  shown  graphically  in 
Fig.  6,  where  the  days  wear  per  iron  or  miit  of  thickness  is 
plotted  against  the  location  on  the  hide  from  which  the  soles  were 
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cut.  The  values  represent  the  average  days  wear  per  iron  for  the 
total  number  of  soles  tested  from  any  particular  location.  The 
average  number  of  soles  from  which  results  were  obtained  was 
seven.  The  values  for  days  wear  per  iron  were  obtained  by 
dividing  the  sum  of  the  number  of  days  wear  obtained  from  all  the 
soles  in  a  similar  location  of  each  brand  by  the  sum  of  the  irons  for 
the  same  soles.  The  iron  is  a  unit  of  measure  used  in  the  trade  to 
designate  the  thickness  or  gage  of  leather  and  is  equal  to  approx- 


11     13     13     14     15     31     33      33     34     35     31     33     33    34     35 
Location    on    ttie    Hide 

Fig.  6. — The  wear  expressed  in  days  per  iron  for  all  soles  from  each  location 
on  the  hide  for  the  four  brands 

imately  }^va.xn  in  the  metric  scale,  and  equal  to  1/48  inch  in  the 
English  scale. 

Fig.  6  shows  three  groups  of  curves  which  represent  the  soles 
from  locations  11  to  15,  21  to  25,  and  31  to  35,  inclusive. 

(a)  Variation  in  Wear  of  Different  Leathers. — From 
Fig.  6  it  v/ill  be  observed  that  the  wear  of  one  particular  brand  of 
leather  was  not  consistently  greater  than  that  of  any  other  brand 
throughout  all  the  locations  on  the  hide.  Thus  it  can  be  stated 
that  the  wear  of  all  the  brands  tested  was  nearly  the  same.  Table  i 
shows  the  results  obtained  for  the  days  wear  per  iron,  days  wear 
per  sole,  and  average  iron  per  sole  for  each  location  of  each  sample. 
Samples  C  and  D  were  the  leathers  with  little  or  no  added  glucose 
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and  salts,  while  A  and  B  were  leathers  with  one  or  both  of  these 
materials  added.  The  difference  in  days  w'ear  per  sole  is  nearly- 
accounted  for  by  the  difference  in  the  average  iron  per  sole.  The 
difference  in  the  days  wear  per  iron  of  leathers  C  and  D  as  compared 
with  A  and  B  is  only  3  per  cent,  which  is  a  small  difference  inasmuch 
as  the  nature  of  the  test  might  well  cause  an  experimental  error  of 
this  or  even  a  greater  amount.  The  results  used  in  plotting  the 
graphs  were  only  those  which  were  definitely  known  to  be  correct. 
In  103  cases  out  of  213  pairs  from  which  data  were  secured,  leathers 
C  or  D  wore  the  longer  time,  in  74  cases  leathers  A  or  B  wore  the 
longer  time,  and  in  36  instances  the  length  of  wear  was  the  same 
for  both  types  of  leather. 

TABLE  1.— Wear  Data 


Location 

Days  wear  per  sole 

Average  iron  per  sole 

Daj-s  wear  per  iron 

A 

B 

c 

D 

A 

B 

c 

D 

A 

B 

C 

° 

85.5 
94.0 
77.3 
67.3 
61.5 
81.6 
84.8 
61.8 
55.9 
38.8 
41.3 
60.6 
68. 1 
55.9 
40.3 

62.8 
81.2 
70.8 
68.0 
47.0 
74.8 
60.3 
59.0 
46.5 
56.8 
65.6 
60.0 
72.9 
56.6 
36.4 

76.1. 
79.0 
83.7 
70.5 
59.8 
83.3 
85.2 
59.2 
64.0 
49.0 
44.5 
63.8 
78.2 
61.7 
45.3 

74.3 
74.3 
78.8 
63.0 
59.5 
81.0 
74.7 
72  8 
59.3 
48.5 
54.7 
58.6 
61.9 
48.8 
39.8 

10.30 
11.00 
11.02 
11.02 
9.85 
9..33 
10.20 
10.62 
9.80 
9.12 
8.50 
9.00 
9.50 
9.14 
8.11 

9.80 
10.25 
11.16 
10.80 
9.20 
9.60 
10.25 
10.57 
9.62 
9.33 
9.26 
9.00 
9.40 
9.26 
8.43 

10.14 
10.40 
11.00 
11.00 
9.40 
9.50 
10  40 
10.33 
11.43 
9.37 
8.83 
9.11 
9.40 
9.12 
8.22 

9.86 
10.66 
11.33 
11.20 
9.66 
9.50 
10.00 
10.70 
9.40 
9.12 
9.00 
8.88 
9.50 
9.33 
S.2S 

8.31 

8.54 
6.95 
6.00 
6.25 
8.75 
8.32 
5.72 
5.72 
4.26 
4.82 
6.74 
7.18 
6.10 
4.97 

6.41 
7.92 
6.34 
6.29 
5.12 
7.80 
5.88 
5  58 
4.83 
6.08 
7.08 
6.67 
7.76 
6.09 
4.32 

7.52 
7.59 
7.60 
6.42 
6.36 
8.76 
8.13 
5  73 
6.41 
5.23 
5.04 
7.02 
8.32 
6.78 
5.53 

7.55 

12 

e.% 

13                    

6.96 

14 

5.62 

15       .               

6.15 

21 

8.52 

22                                 

7.47 

23 

6.80 

24 

6.31 

25 

5.32 

31 

6.09 

32 

6.61 

33  .   . 

6.52 

34 

5.09 

35 

4.98 

Average 

64.8 

61.2 

68.9 

.63.2 

9.77 

9.73 

9.83 

9.75 

6.57 

6.28 

6.83 

6.46 

(5)  \^-\RL\TiON  IX  Wear  at  Different  Locations  on  the 
Hide. — Fig.  6  shows  ver}'^  clearly  that  there  is  a  variation  in  the 
wear  due  to  the  location  on  the  hide  from  wliich  the  sole  was  cut. 
The  best  w^earing  parts  of  the  hide  are  represented  by  the  shaded 
portion  on  Fig.  7  which  includes  blocks  11,  12,  13,  21,  22,  23,  32, 
and  33.  This  area  mcludes  the  firm  solid  part  of  the  hide  near  the 
back  and  over  the  kidneys,  extending  the  entire  length  of  the  bend 
and  across  the  hide  to  about  15  inches  from  the  backbone,  exclud- 
ing, however,  a  small  portion  of  the  hide  on  the  shoulder  end  near 
the  backbone.  The  soles  from  this  location  (block  31)  showed  a 
low  wearing  quality  in  nearly  every  case.     The  cur\-es  in  Fig.  6 
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show  a  tendency  for  the  wear  to  be  best  for  those  soles  near  the 
backbone  edge,  except  at  the  shoulder  end,  and  for  the  wear  to  be 
poorer  for  those  soles  near  the  belly  edge  where  the  fibres  are  less 
compact.  From  these  results  it  is  apparent  that  the  location  of 
the  sole  in  the  hide  is  far  the  most  influential  factor  governing  its 
wearing  quality. 

2.  LABORATORY  TESTS 

(a)  Machine  Wearing  Tests. — The  differences  in  wear  in 
service  between  the  four  brands  of  leather  tested  were  so  small 
that  the  machine  tests  were  not  expected  to  show  any  very  great 
variation  in  wear  between  the  leathers.     The  machine  tests  did, 


Fig.  7. — Shaded  portion  shows  location  of  best  wearing  leather  on  the  hide 

however,  give  a  general  indication  of  the  relative  wear  of  the  soles 
from  the  different  locations  on  the  hide. 

(6)  Chemical  Analyses  of  Original  Leather. — A  complete 
chemical  analysis  was  made  of  each  brand  of  leather  for  each 
location  on  the  hide.  The  results  are  presented  numerically  in 
Table  2  and  graphically  in  Figs.  8  to  17,  inclusive.  In  the  case  of 
the  graphs  the  values  for  each  chemical  constituent  were  plotted 
against  the  location  on  the  hide.  All  chemical  results  were 
changed  to  a  1 2  per  cent  moisture  basis  for  comparison. 

Water-Soluble  Material. — The  water-soluble  material  consists  of 
tannins  and  nontannins,  the  latter  including  any  added  glucose  or 
salts.  Glucose  and  salts  form  the  chief  nontanning  materials 
used,  and  are  more  readily  soluble  than  the  tannins. 
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The  two  classes  of  leather  selected  showed  very  little  difference 
in  the  total  water-soluble  materials,  the  values  var>'ing  from  21.75 
to  22.8  per  cent.  Fig.  8  shows  the  distribution  of  the  water 
solubles  over  the  hide.  It  is  highest  in  those  portions  of  the  hide 
that  are  loosely  fibered  and  shows  a  tendency  to  be  high  on  the 
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Fig.  8. — Chart  showing  distribution  of  water  soluble  materials  over  the  hide 

backbone  edge,  then  drops  slightly,  after  which  it  gradually 
increases  vmtil  the  maximum  amount  is  reached  in  the  portions 
along  the  belly  edge.  The  fact  that  the  water  solubles  are  higher 
along  the  backbone  edge  than  in  the  middle  portions  is  probably 
accounted  for  by  the  fact  that  a  greater  opportunity  was  given  for 
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Fig.  9. — Chart  showing  distribution  0/  glucose  over  the  hide 


absorption  because  the  edge  of  the  leather  was  exposed.  This 
condition  is  clearly  shown  by  the  values  for  locations  i  to  5, 
which  represent  the  extreme  butt  end  of  the  bend.  Locations  i 
and  5  are  corner  pieces  and  hence  have  two  edges  exposed.  The 
amount  of  surface  exposed  and  the  texture  of  the  various  parts  of 
the  leather  influence  the  composition  at  any  location  on  the  hide. 
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Glticose. — As  has  been  previously  stated,  glucose  is  used  in 
varying  quantities  in  finishing  sole  leather.  Vegetable  tanning 
materials  may  contain  some  sugar  which  is  absorbed  in  the  tan- 
ning processes,  and  thus  it  is  probably  impossible  to  find  commer- 
cial leathers  entirely  free  from  this  material.  The  small  amounts 
found  naturally  in  tanning  materials  are  of  great  value  in  that  it 
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Fig.  10,— Chart  showing  distribution  of  Epsom  salts  over  tlie  hide 

is  from  these  sugars  in  part  that  the  acid  or  plumping  qualities  of 
the  liquors  are  derived.  A  very  small  quantity  added  artificially 
is  said  to  give  the  leather  a  better  finish  and  appearance  and  also 
adds  solidity  to  the  flanky  and  thin  portions  of  the  hide. 

Fig.  9  shows  the  variation  in  glucose  content  between  the  differ- 
ent leathers,  and  also  its  distribution  over  the  hide,  which  is  in- 
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Fig.  II. — Chart  showing  variation  of  total  ash  over  the  hide 

fluenced  by  much  the  same  factors  as  is  the  distribution  of  the 
other  water  solubles.  The  variations  on  the  bend  are  small 
where  the  total  glucose  is  low,  but  increase  considerably  when  the 
content  is  larger,  as  in  sample  A. 

Total  Ash  and  Epsom  Salts. — All  vegetable  tanned  leather  will 
naturally  contain  a  small  amount  of  ash,  most  of  which  is  derived 
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from  the  residual  lime  left  from  the  beam-house  operations,  but 
where  a  high  ash  is  found  it  is  generally  caused  by  the  presence  of 
added  salts.  The  total  ash  is  influenced  more  by  the  amount  of 
Epsom  salts  added  to  the  leather.  The  salts  are  generally  added 
with  the  glucose  and  show  (Fig.  lo)  the  same  variation  over  the 
hide  as  the  glucose  and  water  solubles,  with  the  exception  of 
samples  A  and  D.     The  uniform  curve  and  small  amount  found 


3  4 


U   12   13   14   15  21   32   23   24   25   31   33   33   34  35 
Location  on  tbe  Bide 


Fig.  12. — Chart  showing  variation  of  insoluble  ash  over  the  hide 

in  all  locations  of  sample  A  indicate  that  only  that  naturally 
found  in  the  leather  was  present,  while  the  generally  uniform  dis- 
tribution for  sample  D  shows  that  little  salts  was  added.  The 
curves  for  the  total  and  insoluble  ash  (Figs.  1 1  and  1 2)  therefore 
naturally  follow  the  same  general  trend  as  those  for  the  salts 
(Fig.  10).  The  analyses  show  that  the  salts  are  practically  con- 
stant for  all  locations  where  none  is  added,  but  that  there  is  an 


Fig.  13. — Chart  showing  distribution  of  grease  over  the  hide 

unequal  absorption  when  only  small  amounts  are  added  and  a 
greater  variation  when  larger  amounts  are  used. 

Petroleum  Ether  Extract  {Fats  and  Oils). — A  small  amoimt  of 
fats  and  oils  occur  naturally  in  leather,  and  it  is  customary  to  add 
some  in  the  manufacturing  processes  to  prevent  the  grain  from 
becoming  harsh  and  cracky,  to  properly  lubricate  the  fibers,  and  to 
prevent  too  rapid  drying,  which  produces  a  light-colored  leather. 
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Fig.  13  shows  that  the  grease  content  does  not  vary  much  for 
the  four  brands  but  does  vary  considerably  over  the  bend,  the 
more  open  portions  showing  a  higher  grease  content. 

Hide  Substance. — ^The  amount  of  hide  substance  is  directly 
dependent  upon  the  amount  of  materials  added  to  the  leather  in 
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Fig.  14. — Chart  showing  dislribulion  of  hide  substance  over  the  hide 

the  process  of  manufacture.  The  raw  hide  is  nearly  all  hide  sub- 
stance. A  high  value  would  indicate  a  lightly  tanned  and  un- 
loaded leather  and  a  very  low  value  a  heavily  tanned  or  highly 
loaded  leather,  which  facts  make  it  logical  to  assume  that  the 
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Fig.  15. — Chart  showing  distribution  of  combined  tannin  over  the  hide 

percentage  of  hide  substance  would  be  high  or  low  according  to 
whether  the  water  solubles  and  combined  tannin  were  low  or 
high  respectively.  This  is  generally  the  case,  as  will  be  noticed  by 
comparing  Fig.  14  with  those  for  the  water  solubles  and  combined 
tannin. 
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There  is  always  an  error  in  the  amount  of  hide  substance,  as 
determined  on  the  original  sample,  corresponding  to  the  amount 
of  nitrogen  in  the  water  extract  and  the  petroleum  ether  extract. 
The  latter  is  undoubtedly  negligible,  and  the  former  was  found 
to  be  the  equivalent  of  about  0.2  to  0.3  per  cent  of  the  leather. 
This  correction  is  about  constant  for  the  types  of  leather  used. 
As  the  results  would  not  be  materially  affected  by  such  a  correc- 
tion, the  figtu-es  reported  in  this  work  are  based  on  the  analysis  of 
the  original  samples. 

Combiiied  Tannin. — This  item  represents  the  tanning  material 
actually  combined  with  the  hide  fibers  to  form  leather.  The 
value  for  combined  tannin  is  not  directly  determinable  and  is 
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Fig.  i6. — Chart  showing  variation  of  degree  of  tannage  over  the  hide 

arrived  at  by  "difference,"  thus  including  the  accumulated  errors 
in  the  other  determinations.  Fig.  1 5  illustrates  the  way  in  which 
this  quantity  varies  for  the  different  leathers  and  over  the  bend. 
WTiile  it  would  seem  that  the  variation  is  inconsistent  and  con- 
siderable between  the  different  leathers,  there  is  actually  a  dif- 
ference of  only  about  3  per  cent  between  the  highest  and 
lowest  average  values. 

Degree  of  Tannage. — The  value  for  the  degree  of  tannage  shows 
the  number  of  parts  of  tannin  combined  with  100  parts  of  hide 
substance  and  is  affected  by  the  other  determinations  only 
in  so  far  as  their  errors  are  contained  in  the  values  for  the  com- 
bined tannin.  Fig.  16  shows  that  the  value  varies  considerably 
between  the  different  leathers  and  also  over  the  hide.     The  great- 
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est  variation  for  one  sample  of  leather  occurs  in  the  case  of  sample 
C,  which  was  given  a  further  tanning  in  drums  after  the  prelimi- 
nary tannage  in  the  vats.  The  average  degree  of  tannage  for  the 
different  leathers  varied  from  68  to  84. 

Ratio  of  Tannins  to  Nontannins. — Fig.  17  shows  the  variation 
in  the  ratio  of  the  tannins  to  the  nontannins.  This  variation  is 
due  largely  to  the  presence  of  the  glucose  and  salts  added  to  the 
leathers,  since  the  ratio  of  tannins  to  nontannins  other  than  these 
materials  varies  only  from  2.2  to  2.8.  The  graph  shows  that  the 
values  of  the  ratios  for  the  four  brands  of  leather  are  widely  sep- 
arated and  afford  an  excellent  indication  as  to  the  nature  of  the 
water-soluble  material  in  the  leathers.  The  effect  of  added  glucose 
on  this  ratio  is  shown  in  the  case  of  sample  A,  which  has  the 
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Fig.  17. — Chart  showing  vanation  in  ratio  of  tannins  to  nontannins  over  the  hide 

highest  glucose  content  and  the  lowest  ratio  of  tannins  to  non- 
tannins. This  indicates  that  the  water  soluble  is  made  up  to  a 
great  extent  of  soluble  nontannin  in  contrast  with  sample  C, 
which  has  the  highest  value  of  the  ratio  of  tannins  to  nontannins, 
which  shows  that  the  water  solubles  are  inad^  up  of  a  greater 
percentage  of  soluble  tannins. 

(c)  Analyses  of  Worn  Soles. — The  results  of  the  analyses  of 
worn  soles  are  presented  numerically  in  Table  2.  A  discussion 
of  these  analyses  as  compared  with  the  analyses  of  the  original 
leather  is  embodied  later  under  heading  IV-3-(c)  (p.  34). 

{d)  Specific  Gravity  Tests. — The  specific  gravity  is  the 
weight  of  a  substance  compared  with  the  weight  of  an  equal  vol- 
ume of  water.  Thus  by  the  determination  of  this  value  for  the 
different  leathers  information  as  to  their  relative  densities  may  be 
obtained.     Fig.  1 9  shows  the  values  of  the  specific  gravity  for  each 
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brand  of  leather  for  each  location  on  the  hide.  There  is  a  general 
tendency  for  the  density  to  decrease  in  value  as  the  location 
varies  from  the  backbone  edge  to  the  belly  edge.     The  variation 
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Fig.  19. — Chart  showing  variation  in  density  over  the  hide 

in  density  over  the  hide  for  any  particular  leather  is  not  greater 
than  9  per  cent. 

On  an  equal  volume  basis,  sample  A  was  the  lightest  in  weight. 
This  is  surprising,  since  it  contained  an  average  glucose  content 
of  8.8  per  cent.  This  leather  had  the  lowest  value  for  the  degree 
of  tannage,  which  value,  however,  was  high  enough  to  indicate  a 
well-tanned  leather,  and  also  had  the  lowest  percentage  of  soluble 
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tanning  material.  The  addition  of  a  large  quantity  of  glucose 
was  not  sufficient  to  make  the  weight  equal  to  that  of  the  other 
leathers  with  a  higher  value  for  the  degree  of  tannage.  Sample 
D,  which  was  a  leather  well  tanned  by  the  layaway  process,  had 
the  highest  gravity. 

(e)  Water  Absorption  Tests. — Figs.  20  to  23,  inclusive,  show 
graphically  the  variation  in  water  absorption  over  the  hide  for  the 
different  leathers.     There   is   a  general   tendency   for  the  more 
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spongy  parts  to  absorb  a  relatively  greater  amount.  The  lower 
curve  on  each  chart  represents  the  water  absorption  in  30  min- 
utes. The  amount  of  soluble  matter  soaked  out  in  the  30-minute 
test  was  negligible,  so  that  no  correction  was  made.     The  middle 
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Fig.  2  1. — Chart  showing  the  variation  in  water  absorption  over  the  hide  for  sample  B 

curve  represents  the  apparent  water  absorption  in  24  hours, 
while  the  upper  cur\'e  represents  the  actual  absorption.  The 
values  for  the  upper  curve  were  obtained  by  correcting  the  ap- 
parent absorption  values  by  adding  the  percentage  of  soluble 
materials  soaked  from  the  samples  in  the  24-hour  test.  The 
amotmts  lost  into  solution  are  represented  by  the  difference  be- 
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Fig.  22. — Chart  showing  variation  in  water  absorption  over  the  hide  for  sample  C 

tween  the  upper  and  middle  curves  and  amount  in  some  cases  to 
as  much  as  15  per  cent.  There  is  a  general  parallelism  between 
the  curves  for  the  30-minute  and  24-hour  tests,  and  hence  it  would 
appear  that  a  30-minute  test  for  water  absorption  qualities  would 
be  practicable,  since  no  correction  needs  to  be  made  for  the  loss 
of  soluble  material  into  solution. 
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The  loss  of  dry  matter  in  the  24-honr  test  seems  to  be  influenced 
by  the  water  solubles,  especially  the  glucose,  since  the  relative 
loss  of  glucose  during  the  test  is  greater  than  that  for  any  other 
material.  This  statement  is  substantiated  by  the  analysis  of  the 
worn  soles,  which  shows  that  in  actual  wear  the  leather  with  the 
highest  glucose  content  lost  the  greatest  amount  of  water  solubles. 


Fig.  23. — Chart  showing  the  variation  in  water  absorption  over  tlie  hide  for  sample  D 

Table  3  gives  the  average  values  for  the  water  absorption  of  the 
different  leathers. 

TABLE  3.— Water  Absorption  Tests 


Sample 

Percentage 

absorption 

In  30 

minutes 

Percentage 

apparent 

absorption 

in  24  hours 

Percentage 
soaked  out 
in  24  hours 

Percentage 

actual 
absorption 
hi  24  hours 

A                           .             

29.03 
28.66 
28.63 
24.95 

36.78 
37.33 
39.56 
34.66 

9.99 
6.38 
5.36 
5.25 

46.77 

B          

43.70 

C                     

44.92 

D                                              

39.91 

An  interesting  point  regarding  these  figures  is  the  fact  that  the 
percentage  of  material  soaked  out  in  the  24-hour  test  was  greater 
for  samples  A  and  B,  which  leathers  contain  large  amoimts  of 
added  glucose  or  salts. 

3.  COMPARISON   OF  FIELD   AND  LABORATORY  TESTS 

(a)  Machine  and  Field  Wearing  Tests. — The  upper  curve  of 
Fig.  24  represents  the  average  wear  in  days  per  iron  for  all  the 
soles  of  the  four  brands  of  leather.  The  lower  curve  represents 
the  wear,  as  indicated  by  the  machine  tests,  expressed  as  the 
average  loss  in  volume  of  the  test  pieces  as  compared  with  a 
standard  specimen  of  composition  material,  a  sample  of  which 
was  tested  with  each  group  of  six  samples  of  leather.  The  two 
curves  show  the  same  general  tendency  as  regards  wearing  quality 
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with  the  exception  of  location  No.  31.  No  cause  can  be  assigned 
for  this  apparent  discrepancy,  but  it  is  expected  that  subsequent 
investigations  will  correct  this  difference.  Although  the  wearing 
machine  is  still  in  the  experimental  stage,  the  results  obtained 
with  it  are  sufficiently  consistent  to  give  an  indication  of  the 
wearing  quality  of  several  samples  of  the  same  kind  of  leather. 

(6)  Relation  Between  the  Composition  of  the  Original 
Leather  and  the  Wear. — Comparing  the  wear  data  and  the 
chemical  analyses  of  the  original  leathers  (Fig.  18),  it  will  be  seen 
that  the  leathers  (samples  A  and  C)  tanned  to  the  belting  stage 
and  then  filled  with  glucose  and  tanning  material,  respectively, 
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Fig.  24. — Chart  showing  relation  between  actual  service  tests  and  laboratory  machine  tests 

by  drumming,  gave  the  longest  wear,  but  the  difference  was  not 
large.  Of  these  two  filling  materials  the  glucose  in  sample  A 
was  practically  all  lost  during  wear  while  the  tanning  material 
in  sample  C  was  not  lost  to  any  great  extent. 

(c)  Comparison  of  the  Analyses  of  the  Original  Leathers 
and  Those  of  the  Worn  Soles. — The  data  tabulated  in  Table 
2  are  the  averages  of  analyses  made  on  all  the  soles  that  were 
tested  and  of  the  corresponding  blocks  before  test.  In  cases 
where  no  worn  soles  from  a  given  block  were  available  for  analysis, 
the  data  for  the  original  block  were  not  included  in  the  average. 
(Soles  Nos.  I  to  5.)  The  data  are  therefore  strictly  comparable, 
and  the  number  of  blocks  included  in  the  averages  given  are  noted 
in  the  table. 


Effects  of  Glucose  and  Salts  on  Sole  Leather  35 

Glucose. — The  loss  of  all  the  added  glucose  is  clearly  shown  by 
the  values  in  Table  2.  The  loss  is  greatest  for  sample  A,  which 
contained  the  highest  percentage  of  added  glucose. 

Epsom  Salts. — The  amount  of  magnesium,  calculated  as  Epsom 
salts,  appears  to  come  to  a  dead  level  of  about  0.7  per  cent  in  the 
worn  soles.  (Table  2.)  There  is  evidently  a  loss  of  magnesium 
where  the  original  material  contained  much  salts  and  also  an 
accumulation  of  magnesium  during  wear,  as  shown  by  the 
analysis  of  sample  A  soles  which  had  considerably  more  magnesium 
in  the  worn  soles  than  in  the  original  leather.  This  accumula- 
tion is  probably  due  to  the  contact  of  magnesium-containing 
matter  with  the  outer  surface  of  the  sole.  It  is  quite  likely  that 
all  the  magnesium  present  as  Epsom  salts  was  leached  out  of  the 
leather  during  wear,  and  that  the  magnesiiun  finally  present  was 
largely  derived  from  mechanical  inclusions. 

Total  Ash. — The  total  ash  is  greatly  increased  during  wear. 
This  increase  is  largely  insoluble  material,  but  considerable  soluble 
mineral  matter  is  included  also. 

Insoluble  Ash. — The  increase  in  insoluble  ash  is  undoubtedly 
due  to  the  mechanical  acquisition  of  mineral  matter,  which  can 
be  shown  by  examination  of  the  surface  of  any  leather  sole  from 
a  worn  shoe. 

Petroleum  Ether  Extract. — There  is  an  increase  in  the  grease 
content  of  all  the  soles  tested,  amounting  to  about  2  per  cent  on 
an  average.  As  no  dubbing  was  used,  this  shows  a  tendency  on 
the  part  of  the  sole  to  absorb  any  grease  with  which  it  comes  in 
contact.  Oiled  floors  might  account  for  some  of  the  increase,  but 
it  is  possible  that  the  grease  becomes  concentrated  in  the  remain- 
ing portions  of  the  sole  as  the  leather  is  worn  away.  The  absorp- 
tion of  ether-soluble  material  from  the  foot  is  a  doubtful  possibility 
on  account  of  the  construction  of  the  shoes.  The  extracted  grease, 
which  was  much  darker  than  the  grease  frotn  the  original  blocks, 
indicated  that  the  composition  of  the  grease  was  considerably 
different  than  the  original  extract.  The  iodine  numbers  of  the 
greases  from  the  original  leathers  were  53.5,  42.1,  40.1,  and  72.6, 
respectively,  for  A,  B,  C,  and  D.  In  the  same  order,  the  iodine 
niunbers  of  the  greases  extracted  from  the  worn  soles  were  55.6, 
42.8,  44.2,  and  48.5.  These  data  show  that  in  only  one  tannage 
was  there  any  material  change  in  the  iodine  number.  The 
original  oil  used  on  this  tannage  contained  a  high  percentage  of 
cod  oil,  and  the  decrease  noted  is  easily  accounted  for  by  the 
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oxidation  of  the  oil  in  the  leather.  The  iodine  numbers  of  the 
oils  from  the  other  tannages  indicate  that  less  drying  oil  was 
used,  but  it  is  rather  hard  to  account  for  the  fact  that  there  was 
no  decrease  at  all  in  the  iodine  numbers  of  these  oils. 

Water-Soluble  Material. — Except  for  the  loss  of  glucose  and 
Epsom  salts  (Table  2),  there  appears  to  be  very  little  loss  of 
water-soluble  material  from  the  soles.  This  is  probably  influenced 
to  some  extent  by  the  fact  that  much  of  the  material  soluble  at 
50°  C.  is  insoluble  at  ordinary  temperatures  and  would  not  be  lost 
from  the  leather. 

Hide  Substance. — There  was  practically  no  change  in  the  per- 
centage of  hide  substance  found  in  the  leather  before  and  after 
wear.  The  loss  of  glucose  and  Epsom  salts  seemed  to  be  about 
compensated  for  by  the  increase  in  total  ash  and  grease. 

Combined  Tannin. — The  relative  changes  in  this  figure  were 
slight  in  all  cases,  which  shows  that  this  material  is  firmly  fixed  in 
the  leather,  and  is  not  lost  to  any  extent  during  wear. 

Degree  of  Tannage. — When  consideration  is  taken  of  the  wide 
variation  of  this  ratio  in  the  original  leather  there  was  relatively 
little  change  during  wear.  The  extraction  of  water-soluble  mate- 
rial at  50°  C.  is  a  rather  severe  test,  and  a  tannage  stable  at  that 
temperature  would  not  be  likely  to  be  affected  by  conditions 
experienced  during  ordinary  wear. 

The  Ratio  of  Tannins  to  N ontannins  in  the  Water-Soluble  Ma- 
terial.— This  ratio  is  not  affected  as  much  as  would  be  expected  from 
the  fact  that  there  was  a  loss  of  glucose  and  Epsom  salts  from  the 
leather.  It  must  be  that  some  of  the  tannins  are  leached  out  and 
replaced  by  nontannins;  or  that  there  is  an  actual  change  in  the 
character  of  the  material  which,  when  extracted  from  the  original 
leather,  was  absorbed  by  hide  powder.  There  was  some  increase 
in  this  ratio  in  the  case  of  A,  which  lost  considerable  glucose  during 
wear,  but  not  enough  to  account  for  the  loss  of  glucose.  In  the 
other  tannages  there  seemed  to  be  an  actual  decrease  in  this  ratio. 
No  explanation  of  these  facts  is  offered  at  this  time. 

Summary. — The  effects  of  wear  on  the  chemical  composition  of 
the  leather  may  be  summarized  as  follows: 

1.  Under  the  conditions  of  the  test  the  greater  portion  of  the 
added  glucose  and  salts  was  lost  during  wear,  but  no  great  decrease 
in  the  other  constituents  of  the  water  soluble  was  apparent. 

2.  The  leather  substance  was  not  affected  appreciably  during 
wear. 
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3.  There  was  an  actual  increase  in  the  grease  content,  for  which 
no  definite  explanation  can  be  offered. 

4.  There  was  a  large  increase  in  the  ash  content  of  the  leather, 
largely  owing  to  rnechanical  accretion. 

{d)  Specific  Gravity  and  Field  Wearing  Tests. — Table  4 
shows  the  days  wear  per  iron,  the  average  specific  gravity,  and  the 
days  wear  per  iron  per  unit  of  weight. 

TABLE  4 


Sample 

Days  wear 
per  iron 

Average 
values, 
specific 
gravity 

Days  wear 

(per  iron) 

per  unit 

of  weight 

A 

6.6 
6.3 
6.8 
6.5 

0.992 
1.041 
1.033 
1.050 

6.65 

B    ..      .                                            

6.05 

C 

6.58 

D 

6.20 

From  these  values  it  will  be  seen  that  sample  A,  which  was 
second  in  wearing  quality,  actually  becomes  first  in  wearing  quality 
when  compared  on  a  basis  of  unit  weight.  Thus  it  would  appear 
that  a  leather  with  low  density  or  light  weight  could  be  purchased, 
and  while  a  lower  value  for  wearing  in  days  per  iron  would  be 
obtained  as  compared  with  heavier  leathers,  a  wear  per  unit  of 
weight  might  be  secured  which  would  render  it  much  cheaper 
leather  on  a  cost  basis. 

(e)  Comparison  of  the  Wear  Data  with  the  Water  Ab- 
sorption.— Comparing  the  wear  data  with  the  water  absorption, 
Figs.  6,  20,  21,  22,  and  23,  it  appears  that  the  greater  the  absorption 
the  poorer  the  leather.  This  shows  that  the  same  factors  that 
tend  to  cause  a  high  water  absorption  also  tend  to  decrease  the  life 
of  the  leather.  That  this  is  entirely  due  to  the  action  of  the 
water  is  improbable,  as  it  would  not  be  likely  that  a  belly  sole 
would  wear  as  well  as  one  from  the  back,  even  if  they  were  both 
protected  from  the  action  of  water  by  suitable  stuffing.  It  is 
probable,  however,  that  if  a  bend  were  heavily  stuffed  with  wax 
there  would  be  less  difference  shown  between  the  wear  of  a  back 
and  a  belly  sole  than  is  shown  by  the  unstuffed  leathers  used  in 
these  experiments. 

V.  CONCLUSIONS 

From  the  results  of  this  investigation  it  would  appear  that  the 
four  brands  of  leather  tested  did  not  differ  greatly  in  wearing 
quality.     There  is  no  indication  that  the  addition  of  glucose  and 
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salts  is  either  beneficial  or  detrimental  to  the  durability  of  the 
leather.  It  is  shown  conclusively  that  the  greater  part  of  the 
added  glucose  and  salts  is  lost  from  the  leather  during  wear,  while 
the  other  water-soluble  materials  appear  to  be  retained  in  the 
leather.  It  is  also  sho\vn  that  the  leathers  A  and  C,  which  were 
given  the  same  tanning  in  the  layaways  and  then  filled  with  glu- 
cose and  tanning  material,  respectively,  by  drumming,  have  the 
same  wearing  quality.  The  method  of  adding  the  tanning  mate- 
rials, either  by  drumming  (sample  A)  or  of  giving  a  long-time 
tanning  in  the  layaways  (sample  D) ,  also  appeared  to  have  little 
effect  on  the  wearing  quality.  When  further  tests  are  completed 
it  is  expected  that  more  definite  and  conclusive  results  will  be 
secured  to  show  the  effects  of  glucose  and  salts  on  the  wearing 
quality  of  sole  leather. 

Washington,  April  26,  1919. 
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I.  INTRODUCTION 

During  the  past  1 8  months  a  number  of  experimental  heats  of 
different  compositions  of  light  alimiinum  casting  alloys  have 
been  poured  at  the  Bureau  of  Standards  foundry,  and  mechanical 
and  corrosion  tests  made  of  the  test-bar  castings.  These  tests 
have  not  been  of  a  particularly  systematic  natiu^e,  but  have  been 
directed  at  different  times  toward  different  objectives,  such  as  (i) 
the  development  of  a  suitable  ductile  casting  alloy,  (2)  the  deter- 
mination of  the  resistance  of  standard  alloys  to  alternating 
stresses,  (3)  the  effect  of  heat  treatment  on  the  mechanical  prop- 
erties of  casting  alloys,  and  (4)  the  study  of  the  effect  of  type  of 
test  bar.  Much  of  the  work  was  done  in  connection  with  the 
activities  of  the  subcommittee  on  aluminiun  of  committee  B-2  of 
the  American  Society  for  Testing  Materials  on  nonferrous  metals 
and  alloys.  The  grouping  of  the  results  of  these  tests  and  dis- 
cussion of  them  within  the  scope  of  one  paper  is  somewhat 
arbitrary,  but  constitutes  perhaps  the  best  presentation  of  some 
of  the  facts  which  have  developed  during  the  course  of  the 
investigations. 
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Many  of  the  questions  studied  have  received  attention  at  the 
hands  of  pre\-ious  investigators;  a  summary'  of  all  of  this  work, 
together  with  a  bibliography  of  it,  is  contained  in  a  recent 
publication.' 

II.  PREPARATION  OF  THE  ALLOYS 

The  alloys  were  all  prepared  with  commercially  pure  materials: 
99  per  cent  aluminum;  Commercially  pure  copper;  Thermit 
manganese ;  Commercially  piu^e  nickel ;  Commercially  pure  spelter ; 
magnesium,  99.9  per  cent  pure.  Hardeners,  prepared  in  a  crucible, 
were  used  for  the  introduction  of  these  elements,  as  follows :  (a)  50 
per  cent  copper,  50  per  cent  aluminirm;  {b)  50  per  cent  aluminum, 
25  per  cent  copper,  25  per  cent  manganese;  (c)  80  per  cent 
aluminum,  20  per  cent  nickel.  In  preparing  a  heat,  the  required 
amount  of  hardener  together  with  the  aluminum  was  placed  in 
the  crucible  and  melted ;  a  No.  40  plmnbago  crucible  was  generally 
used.  The  metal  was  stirred  with  a  graphite  rod,  the  pot  removed 
from  the  furnace,  and  the  magnesium  added  and  submerged 
within  the  melt  with  tongs.  Rock  salt  was  added  as  a  flux 
during  the  melting,  and  just  before  pouring  an  omice  or  so  of  zinc 
cliloride  was  thrown  on  the  metal  to  bring  up  and  remove  the 
dross. 

The  earlier  heats,  viz.  Hi,  H2,  E5,  E6,  E7,  A2,  A4,  E8,  E-C 
and  D,  Gi,  G2,  C15,  C16,  C17,  C18,  C19,  A30,  and  Z31,  were 
melted  in  an  oil-fired  furnace,  the  others  in  a  gas-fired  one.  The 
highest  temperature  during  melting  and  the  pouring  temperatiu-e 
were  measured  with  a  thermocouple  protected  with  iron  pipe. 

All  specimens,  except  those  of  type  II,  were  poiu-ed  in  green 
sand,  skin  dried  with  the  torch;  those  of  type  //  were  poured  in 
core  sand. 

Heats  X-i  and  2,  XE-3  and  4,  C56,  XE-5  and  6,  XE-7  and  8, 
XE-9  and  10,  C20,  C57,  C49,  C59,  C53,  E21,  E22,  H5,  H6,  Z14, 
E9,  G7,  G8,  Z15,  Zi6,  G9  and  Gio  were  melted  in  a  covered 
crucible,  the  others  without  cover. 

III.  METHODS  OF  TEST 

All  test  bars  for  the  tensile  test  were  machined  to  0.505  inch 
diameter  over  the  gauge  length  of  2.25  inches.  Types  /,  II,  III, 
and  VII  (see  pages  6  and  7  and  Figs,  i  and  2)  were  tested  with 

'Alamiaujn  and  its  Light  Alloys.  Circular  No.  76  of  the  Bureau  of  Standards,  1919:  also  in  Chem.  and 
Met.  Engineering,  1919. 
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wedge  grips.  Type  IV  had  threaded  ends,  types  V  and  VI  had 
shoulders  with  which  the  specimens  were  held  in  self-centering 
grips. 

The  yield  point  and  proportional  limit  were  determined  with 
the  Riehle  improved  extensometer;  the  yield  point  was  taken  as 
that  value  of  the  stress  at  which  the  slope  of  the  stress-strain  curve 
was  twice  that  of  the  elastic  portion  of  it. 

The  Brinell  hardness,  using  a  ball  of  lo  mm  diameter,  a  load 
of  500  kg  applied  for  30  seconds,  and  the  sceleroscope  hardness 
with  magnifying  hammer  were  determined  on  sections  taken 
from  the  heads  of  the  specimens. 

Table  i  contains  a  summary  of  the  results  of  the  tests  of  all 
specimens  as  well  as  of  the  chemical  compositions,  and  pouring 
and  melting  temperatures,  the  data  of  heat  treatment,  and  other 
information. 

IV.  INFLUENCE  OF  FORM  OF  TEST  SPECIMEN 

In  Figs.  I  and  2  are  shown  sketches  of  the  forms  of  test  bars  used 
in  these  experiments.  The  form  /  is  often  used  for  metals  of  high 
shrinkage,  such  as  steel  or  manganese  bronze.  The  test  piece  is 
taken  from  one  of  the  lower  legs  and  may  be  machined  to  any  de- 
sired form;  in  these  tests  the  form  II A  was  used,  the  test  specimens 
being  tested  with  wedge  grips.  The  fonn  //  has  been  accepted  as 
standard  by  the  American  Society  for  Testing  Materials  in  its  speci- 
fication B-io^i8  for  88:10:2  bronze;  the  dimensions  of  the  bar  used 
in  these  experiments  do  not  correspond  exactly  to  those  of  this 
specification,  however.  The  bar  may  be  machined  for  use  with 
wedge  grips  or  with  threaded  holders ;  in  these  experiments  all  bars 
cast  into  this  form  were  tested  with  wedge  grips.  FoiTns  ///  and 
VII  are  ordinary  types  of  test  bars  from  which  a  standard  test 
specimen  of  0.505  inch  diameter  may  be  obtained  to  be  tested  with 
wedge  grips.  The  No.  IV  is  given  in  the  tables  to  a  bar  cast  to  the 
same  dimensions  as  No.  Ill,  but  machined  with  threaded  ends. 
Bars  V  and  VI  are  of  the  shoulder  type,  and  are  machined  to  0.505 
inch  diameter.  Bars  ///,  IV,  V,  VI,  and  VII  were  cast  in  pairs, 
horizontally,  in  green  sand,  with  gate  and  riser  for  each  pair. 

The  test  results  show  that  No.  I  gives  very  low  values  of  the 
tensile  strength,  owing  to  the  large  section  of  the  cast  piece.  This 
tjrpe  is  not  satisfactory  for  aluminum  alloys.     In  all  of  the  tests 
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Fig.  I. — Forms  of  test  bars  used 

I,  a  type  often  used  for  metals  of  high  shrmkage  such  as  for  steel  or  manganese  bronze. 

//.  the  ti'pe  recommended  by  the  American  Society  for  Testing  Materials  for  S8  :  lo  :  ?  bronze;  in  the 
tests  described  herein  the  cast  bars  were  machined  to  the  form  IIA  and  tested  with  wedge  grips. 

///,  a  common  type  of  test  bar,  poured  horizontally  in  green  sand,  with  gate  and  riser;  the  specimen  is 
machined  to  the  form  IIA  and  tested  with  wedge  grips. 

IV;  this  number  is  given  in  the  tables  to  the  same  cast  bar  as  ///  but  machined  with  threaded  ends  and 
tested  in  a  self-centering  holder. 
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in  which  a  direct  comparison  was  made  between  bars  of  types  II 
and  III  the  bars  of  type  ///  gave  higher  values  both  of  the  tensile 
strength  and  of  the  elongation  than  those  of  type  //.  (See  heats 
Ey,  Table  ib;  Gi  and  G2,  Table  ic;  Hi  and  H2,  Table  id.) 

The  tensile  strength  obtained  from  bars  of  type  ///  was  always 
less  than  that  from  bars  of  types  V,  VI,  and  VII  on  the  same  alloy. 
(See  heats  E9,  Table  16;  E23,  E24,  and  E27,  Table  le.)     This  is 
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Fig.  2. — Form  of  test  bars  used 

V;  shoulder  type  of  test  bar;  it  is  machined  to  o.  505  inch  diameter  over  2X  inches. 

VI;  shoulder  t^-pe  of  test  bar;  it  is  machined  to  0.505  inch  over  2J+  inches. 

V//;  small  bar  similar  to  ///;  it  is  machined  to  o.  505  inch  diameter  and  tested  with  wedge  grips. 

All  of  these  bars  are  cast  horizontal  in  green  sand  with  gate  and  riser. 

undoubtedly  due  to  the  difference  of  section  of  the  cast  specimen  ; 
the  bar  III  is  cast  with  a  diameter  of  11/16  inch  over  the  gage 
length,  whereas  the  others  are  cast  with  one  of  9/16  inch.  The 
fact  that  such  a  small  difference  of  section  of  the  cast  bar  makes 
such  an  appreciable  difference  in  the  tensile  strength  shows  the 
necessity  for  precise  statement  of  this  section  in  describing  test  bars 
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in  specifications  for  light  alloys.  The  diameter  of  9/16  inch,  used 
for  many  of  these  test  bars,  would  seem  to  be  a  most  satisfactory 
one,  as  it  provides  amply,  but  with  a  minimtmi  amount  of  machin- 
ing, for  obtaining  the  0.505  inch  diameter  specimen  from  it. 

It  was  expected  that  direct  comparison  between  the  types  /// 
and  VII,  tested  with  wedge  grips,  and  V  and  VI,  gripped  at  the 
shoulder  and  self  centering,  would  indicate  the  advantage  of  the 
latter  type.  It  is  generally  conceded  that  wedge  grips  should  not 
be  used  for  aliuninum  alloys  which  are  brittle  if  the  best  and  most 
uniform  results  are  to  be  obtained.  Indeed,  many  instances  of 
variation  of  tensile  properties  of  test  bars  of  type  ///  from  the  same 
heat  were  ascribed  to  the  fact  that  they  were  not  properly  cen- 
tered in  the  testing  machine.  The  results  of  tests  of  bars  of  heat 
E9,  Table  ib,  show  that,  in  this  case  at  least,  the  bars  tested  with 
wedge  grips  {VII)  gave  as  good  results  as  those  of  the  shoulder 
type  {V  and  VI).  It  is  to  be  observed  that  the  effect  of  the  use 
of  wedge  grips  is  much  influenced  by  the  carefulness  of  the  oper- 
ator and  the  accuracy  of  alignment  of  the  testing  machine;  the 
possibility  of  obtaining  low  results  is  always  existent  when  they 
are  used. 

V.  INFLUENCE  OF  MELTING  AND  POURING 
TEMPERATURES 

The  influence  of  poming  temperatine  on  the  mechanical  prop- 
erties of  light  alloys  has  been  the  subject  of  much  study.  (See  foot- 
notes I  and  2.)  As  the  poining  temperature  is  increased  the  tensile 
strength  of  the  alloy  decreases,  due  largely  to  its  larger  grain  size. 
This  is  illustrated  in  the  results  of  the  tests  of  heat  Gi-C-P, 
Table  ic,  and  of  E27,  Table  \e. 

The  effect  of  the  maximum  temperature  of  melting  as  distinct 
from  that  of  pouring  has  been  given  apparently  much  less  attention. 
Two  tests  were  made  to  ascertain  the  effect  of  maximmn  tempera- 
ture of  melting,  using  the  same  pouring  temperature.  The  pot  of 
metal  was  melted,  allowed  to  cool  to  700°  C,  and  test  bars  cast  at 
this  temperature.  The  pot  was  then  replaced  in  the  furnace  and 
heated  to  a  higher  temperature,  removed  from  the  furnace,  and 
bars  cast  at  this  higher  temperature ;  the  pot  was  then  allowed  to 
cool  again  to  700°  C  and  the  remainder  of  the  metal  poiured  into 
bars  at  this  temperature.  Heats  Gi,  Table  ic,  and  E27,  Table  le, 
were  poined  in  this  manner.     The  difference  between  the  bars 

2  H.  W.  Gillett,  The  Influence  of  Pouring  Temperature  on  Aluminum  Alloys.  Eighth  International 
Congress  of  Applied  Chemistry.  Sec.  II.  2,  p.  105;  1913. 
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heated  during  melting  to  850°  and  those  to  790°  C  in  the  case  of 
Gi ,  both  being  poured  at  700°  C,  was  not  noticeable.  In  the  case, 
however,  of  heat  E27  a  falling  off  in  tensile  strength  is  noticeable 
after  heating  at  the  higher  temperature,  950°  C. 

The  two  tests,  while  too  few  to  be  conclusive,  seem  to  confirm 
the  current  belief  that  the  maximum  temperature  during  melting 
must  not  be  allowed  to  go  too  high,  probably  not  over  850°  C. 

VI.  INFLUENCE  OF  CHEMICAL  COMPOSITION 

The  subject  of  the  effect  of  chemical  composition  on  the  mechani- 
cal properties  of  light  aluminum  alloy  castings  has  been  much 
investigated.     (See  footnotes  1,3,  and  4.) 

The  metals  which  are  principally  used  to  impart  hardness  and 
strength  to  aluminum  are  copper,  zinc,  and  magnesium.  Each 
of  these  is  soluble  to  a  limited  extent  in  aluminum,  and  it  is  to  the 
increased  hardness  of  these  several  solid  solutions  that  the  value 
of  these  additions  is  due.  The  present  tests  have  been  largely  of 
alloys  with  copper  as  the  principal  hardening  component.  In 
this  country  the  use  of  an  alloy  containing  approximately  8  per 
cent  of  copper  is  very  general ;  in  fact  the  majority  of  sand  castings 
at  least  are  made  of  this  composition.  It  is  an  excellent  alloy  for 
general  purposes,  hard  and  readily  machined.  Its  only  disad- 
vantage is  its  brittleness;  test  bars  will  average  only  about  2  per 
cent  elongation  in  2  inches.  Castings  made  of  it  will  resist  wear 
well,  and  will  pot  break  under  stresses  which  are  below  the  yield 
point;  they  will  not,  however,  wathstand  appreciable  deformation 
without  fractiu4ng.  It  would  seem  that  for  many  purposes  an 
alloy  might  be  desired  which  would  be  tougher  and  less  fragile,  so 
that  instead  of  fracturing  under  accidental  overload,  it  would 
yield  slightly  without  failtu-e. 

A  number  of  different  compositions  were  tested  with  the  purpose 
of  ascertaining  what  tensile  properties  could  be  obtained  with  an 
alloy  having  appreciable  ductility.  In  choosing  the  compositions 
for  the  alloys  tested,  the  maximum  solubility  of  copper  in  alu- 
minum was  used  as  a  guide;  this  is  approximately  4  per  cent. 
Beyond  this  amount  the  excess  copper  is  present  in  the  form  of  a 
brittle  constituent  which  can  not  markedly  increase  the  hardness 
but  does  decrease  the  ductiUty. 

'H.  C.  H.  Carpenter  and  C.  H.  Edwards,  Alloys  of  Aluminum  and  Copper,  Eighth  Report  to  Alloys 
Research  Committee,  Proc.  Inst.  Mech.  Eng.;  1907. 

*  W.  Rosemhaim  and  L.  S.  Archbutt ,  Alloys  of  Aluminum  and  Zinc,  Tenth  Report  to  the  Alloys  Research 
Comxoittee,  Proc.  Inst.  Mech  Eng.;  1912. 
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The  test  results  of  alloys  G,  Table  ic,  of  alloys  H,  Table  id,  and 
with  E23,  E24,  E26,  and  E27,  Table  le,  indicate  the  range  of 
tensile  properties  which  may  be  expected  in  a  ductile  alloy.  It 
appears  that  there  should  be  no  diflficulty  in  obtaining  wth  a 
number  of  compositions  the  following  tensile  properties: 

Tensile  strength lbs.  per  sq.  in .  .   20  000-25  000 

Elongation  in  2  inches per  cent . .  5 

It  is  to  be  observed  that  such  alloys  will  not  be  as  hard  as  the 
well-known  one  containing  8  per  cent  copper,  and  they  will  have 
a  slightly  higher  shrinkage;  low  shrinkage  and  high  hardness  must 
be  sacrificed  in  order  to  obtain  the  higher  ductility. 

One  of  the  most  striking  facts  apparent  from  a  consideration  of 
the  mechanical  tests  of  different  compositions  of  light  alloys  is 
the  hardening  and  embrittling  effect  of  small  additions  of  mag- 
nesium to  alloys  containing  copper.  This  is  evident  from  a  com- 
parison of  heats  C15,  C16,  C17,  and  E27,  all  of  which  contain 
from  3  to  3.5  per  cent  of  copper,  the  first  three  containing  in 
addition  from  0.4  to  1.3  per  cent  magnesium.  With  this  copper 
content  the  elongation  is  lowered  from  about  8  to  2.5  per  cent  by 
the  addition  of  magnesium,  with  only  a  slight  increase  in  tensile 
strength.  Tliis  fact  is  well  illustrated  also  in  heats  G7  and  8  and 
H  5  and  6.  In  each  of  these  cases  the  metal  was  melted  and  bars 
poured  without  magnesium ;  thereupon  the  magnesium  was  added 
to  the  pot  and  additional  bars  poured.  The  tensile  strength  of 
each  composition  was  increased  by  10  to  20  per  cent,  the  elonga- 
tion was  decreased  by  60  to  80  per  cent  by  the  addition  of  the 
magnesium.  It  seems  apparent  that  high  ductility  can  not  be 
obtained  in  cast  alloys  containing  magnesium. 

The  results  of  the  tests  of  heats  E23,  E24,  E26,  and  E27,  Table 
le,  containing  only  copper,  and  of  heats  G,  Table  ic,  and  H,  Table  id, 
containing  nickel  and  manganese  in  addition  to  copper,  would  indi- 
cate that  tensile  strengths  as  high  as  25  000  poimds  per  square 
inch  can  not  be  obtained  \vith  the  use  of  copper  alone,  but  that 
nickel  or  manganese  must  also  be  added.  On  the  other  hand,  if  a 
tensile  strength  of  18  000  pounds  per  square  inch  is  sufficient,  it 
appears  somewhat  questionable  whether  better  results  are  not 
obtained  with  copper  alone;  the  addition  of  manganese  seems  to 
produce  more  uniform  test  results,  but  the  resulting  alloys  are 
somewhat  less  ductile  than  those  with  copper  alone. 

Two  heats  of  commercial  aluminum  were  cast  into  test  bars 
without  the  addition  of  hardener  of  any  sort.  The  test  results 
are  given  in  Table  la. 
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At  one  time  there  were  two  lots  of  notch-bar  ingots  in  the 
foundry  which  seemed  to  show  a  marked  difference  in  brittleness 
as  tested  quite  roughly  by  bending  the  ingot.  Inasmuch  as  the 
question  of  "brittle  ingots"  was  a  quite  live  one  at  the  time,  a 
heat  of  test  bars  of  each  lot  was  poured  tmder  the  same  conditions 
in  order  to  ascertain  whether  the  brittleness  as  so  indicated  would 
persist  in  the  cast  test  bars.  It  will  be  noticed  that  there  is  a 
marked  difference  in  the  ductility  of  the  bars  of  the  two  heats; 
the  bars  of  the  lot  A-4  averaged  only  about  1 5  per  cent  elongation 
as  compared  with  29  per  cent  for  lot  A-2.  It  was,  however,  lot 
A-2  of  which  several  ingots  had  been  found  to  be  brittle.'  It  is 
interesting  to  note  the  difference  in  silicon  content  of  the  two 
heats;  the  one  with  the  high  silicon  content  gave  the  low  values 
of  ductility. 

VII.  EFFECT  OF  HEAT  TREATMENT 

It  is  well  known  that  alloys  containing  copper  with  or  without 
magnesium,  in  the  forged  or  rolled  condition  may  be  improved  by 
heat  treatment  consisting  of  quenching  from  about  500°  C  and 
allowing  to  age  for  several  days.  (See  footnotes  i,  6,  and  7.) 
A  number  of  tests  were  carried  out  to  determine  to  what  extent 
the  mechanical  properties  of  cast  alloys  might  be  improved  by  a 
similar  treatment.  Since  it  would  not  be  desirable  in  many  cases 
actually  to  quench  castings  in  water,  owing  to  the  possibility  of 
their  cracking,  the  heat  treatment  which  was  applied  in  all  of  these 
tests  consisted-  of  heating  at  500°  C  for  two  hotu^s  followed  by 
cooling  in  air ;  the  specimens  were  then  allowed  to  age  ■  several 
days  before  testing.  Such  a  heat  treatment  could  readily  be 
applied  to  most  commercial  castings  of  aluminum  alloy.  In  the 
tables  the  specimens  which  were  so  treated  are  marked  "ac" 
or  "fc"  in  colimin  10,  depending  on  whether  they  were  cooled  in 
air  or  in  the  furnace  after  annealing. 

Test  specimens  of  about  30  heats  were  so  treated.  In  all  but 
five  or  six  cases  there  was  fotmd  to  be  an  increase  in  tensile  strength 
resulting  from  this  treatment  amounting  to  from  5  to  50  per  cent 
of  the  strength  of  the  cast,  imheat-treated  bars.  In  those  cases 
in  which  the  heat  treatment  resulted  in  a  decrease  of  strength  the 
whole  group  of  bars  of  the  heat  was  of  inferior  quality,  cast  and 
heat-treated  ones  alike. 

^  It  niust  be  observed  that  not  all  ingots  of  the  lot  A-2  were  brittle,  and  that  there  "was  no  assurance  that 
all  of  the  ingots  were  actually  originally  of  the  same  melt  except  that  they  belonged  to  the  same  purchase 
lot. 

•  Wilm.  Metallurgie.  8,  p.  650;  1911. 

'  Cohn,  Elektrotechnik  u.  Maschinengau,  SI,  p.  430;  1913. 
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The  effect  of  heat  treatment  on  the  elongation  was  more  erratic ; 
in  the  majority  of  cases  the  average  elongation  of  the  heat-treated 
bars  was  lower  than  that  of  the  miheat-treated  ones,  but  in  several 
cases  there  resulted  an  mcrease  in  ductility.  Thus  in  the  case  of 
heats  G7,  Table  ic,  and  H5,  Table  id,  the  elongation  of  the  treated 
bars  was  approximately  20  per  cent  less  than  that  of  the  unheat- 
treated  ones,  while  in  the  case  of  heat  E27,  Table  \e,  the  elongation 
of  the  treated  bars  was  approximately  50  per  cent  greater. 

The  presence  of  magnesium  seems  in  general  to  increase  the 
amovmt  of  the  hardening  produced  by  heat  treatment,  at  least 
in  the  amounts  used  m  these  tests.  This  is  illustrated  in  the  results 
of  the  tests  of  heats  G7  and  8,  Table  ic,  and  of  H5  and  6,  Table  id. 
This  is  quite  in  accord  with  the  fact  that  the  presence  of  magnesium 
in  duralumin  increases  the  amount  of  hardening  produced  by  heat 
treatment.^ 

It  was  observ-ed  that  during  the  annealing  of  the  specimens  at 
500°  C  those  which  contained  magnesium  became  covered  with  a 
dark  gray  coating  of  oxide,  whereas  those  containuag  no  magnesium 
remained  qiute  bright  and  imaltered  superficially  during  this 
treatment. 

It  would  seem  that  the  application  to  light  aluminum  castings 
of  heat  treatment  of  a  type  similar  to  that  described  above  has 
commercial  possibilities,  inasmuch  as  it  is  possible  in  this  mamier 
to  obtain  high  values  of  tensile  strength  and  hardness  in  alloys 
containing  only  from  3  to  4  per  cent  of  hardener,  which  have  a 
considerable  ductility. 

VIII.  RELATION    BETWEEN     TENSILE     PROPERTIES     AND 

HARDNESS 

The  structure  of  cast  aluminum  alloys  is  discussed  below,  and 
it  is  sho-ttTi  that  these  alloys  fractin-e  in  most  cases  at  the  grain 
boundaries,  the  strength  depending  thus  on  the  cohesion  at  these 
boimdaries.  The  hardness  of  the  alloys  depends  principally, 
however,  on  the  hardness  or  cohesion  of  the  grains  themselves. 
It  is  therefore  not  surprising  that  the  tensile  strength  and  the 
hardness  of  cast  light  alloys  do  not  bear  any  simple  relation  to 
each  other. 

Thus  the  alloys  of  Table  ib,  containing  about  8  per  cent  of 
copper,  have  an  average  Brinell  hardness  of  about  65,  a  scleroscope 
hardness  of  about  20,  together  with  an  average  tensile  strength 

8  Merica,Waltenberg  and  Scott.  The  Heat  Treatment  and  Constitution  of  Duralumin,  Sci.  Paper  No.  337 
of  the  Biueau  of  Standards;  1919.    Also  in  Bulletin  Amer.  Inst.  Mech.  Eng..  No.  151,  p.  1031;  1919. 
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of  about  19  000  pounds  per  square  inch.  The  alloys  of  the  Gi  and 
G2  series,  Table  ic,  have  about  the  same  average  tensile  strength, 
but  their  Brinell  hardness  is  only  about  50,  scleroscope  hardness 
about  II.  Again  the  tensile  strength  of  the  bars  of  heat  H5, 
Table  id,  is  greater  than  the  average  tensile  strength  of  the  8 
per  cent  copper  alloy,  but  their  hardness  is  less. 

The  effect  of  heat  treatment  is  to  increase  both  the  tensile 
strength  and  the  hardness,  although  not  always  in  the  same  pro- 
portion. Thus,  in  Table  le,  the  tensile  strength  and  hardness 
of  the  specimens  of  C56  were  increased  in  about  equal  proportions, 
the  tensile  strength  of  the  bars  of  C20  was  increased  in  greater 
proportion  than  the  hardness,  while  in  the  case  of  C44  the  effect 
of  heat  treatment  was  to  decrease  the  tensile  strength  and  to 
increase  the  hardness. 

IX.  MICROSTRUCTURES 

Photomicrographs  illustrating  typical  microstructures  of  alu- 
minum light  alloys  are  shown  in  Figs.  3  to  1 6 ;  all  of  the  alloys  of 
which  the  structures  are  shown  contain  copper  as  the  principal 
hardening  element.  Elsewhere^  it  has  been  shown  that  at  525° 
C  approximately  4  per  cent  of  copper  is  dissolved  in  soUd  solution 
in  alumintmi  as  CuAl  2 ;  the  solubility  of  this  compound  in  alumi- 
num diminishes  at  lower  temperatures,  and  is  about  i  per  cent 
at  300°  C.  Cast  alloys  containing  copper  therefore  have  a  struc- 
ture consisting  of  grains  of  aluminum  solid  solution  of  cored  or 
dendritic  arrangement,  surromided  partially  or  completely  by 
envelopes  of  the  excess  CuAl 2.     This  is  illustrated  in  the  figures. 

The  elements  nickel  and  manganese  also  form  compoimds  with 
aluminum  which  are  only  slightly  soluble  in  aluminum  and  form 
envelopes  in  the  same  manner  as  does  CuAl 2.  The  greater  the 
sum  of  the  percentages  of  copper,  nickel,'  and  manganese  the 
greater  the  volume  of  the  compounds  formed  and  the  more  com- 
plete and  continuous  the  grain  envelopes.  Compare,  for  example, 
the  structure  of  E7-M11,  Fig.  6,  containing  8  per  cent  of  copper 
with  that  of  Gi-I,  Fig.  7,  containing  2  per  cent  of  copper  plus  i 
per  cent  of  manganese. 

The  path  of  fractiu^e  in  cast  alloys  having  this  structure  when- 
ever possible  follows  these  envelopes  which  are  hard  and  brittle. 
This  is  shown  in  Figs.  14,  15,  and  16,  photomicrographs  taken 

^  Merica,  Waltenberg,  and  Freeman,  The  Metallography  of  Aluminum  and  Its  Light  Alloys  with  Copper 
and  with  Magnesium,  Sci.  Paper  No.  337  of  the  Bureau  of  Standards;  1919.  Also  in  Bulletin  Amer.  Inst. 
Mech.  Eng.  No.  151,  p.  1031;  1919. 
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near  or  at  the  fractured  ends  of  tensile-test  specimens.  When 
the  envelopes  are  not  complete  and  continuous,  the  fracture  is 
forced  in  places  to  cross  the  grains.  In  Fig.  1 6  it  is  noted  that 
the  fracture  occurs  both  at  the  envelopes  and  across  the  grains. 

Besides  increasing  the  volume  of  the  envelopes  of  CuAlj,  the 
increase  of  copper  content  causes  an  increase  in  the  average  con- 
centration of  the  solid  solution  CuAi,  in  aluminum;  the  hardness 
of  the  alloy  depends  principally  on  the  hardness  of  the  grains, 
which  is  increased  roughly  in  proportion  to  the  concentration  of 
the  solid  solution.  Increases  of  coppefr  content  therefore  in- 
creases the  hardness  of  the  cast  alloy,  and  up  to  a  certain  amount, 
about  3  per  cent,  also  increases  the  tensile  strength.  Beyond  that 
amount,  although  the  hardness  continues  to  increase,  the  increase 
in  volume  of  the  envelopes  produces  a  more  favorable  path  of 
rupture  under  tensile  stress,  and  the  tensile  strength  is  not  further 
increased. 

The  ductility  of  the  alloys  depends  on  the  relation  between  the 
tensile  strength  and  the  stress  necessary  to  produce  permanent 
deformation.  If  the  former  appreciably  exceeds  the  latter  the 
alloy  will  exhibit  ductility,  otherwise  it  will  not.  Within  a 
structure  such  as  that  shown  in  Fig.  6,  consisting  of  grains  com- 
pletely surrounded  by  the  brittle  envelopes,  fracture  at  the  envel- 
opes occurs  before  the  stress  can  be  increased  sufficiently  to  pro- 
duce deformation.  In  a  structure  such  as  that  of  Figs.  9  and  10, 
the  envelopes  are  broken  up  and  discontinuous;  the  path  of  frac- 
ture is  forced  at  least  partially  across  the  grains,  and  deformation 
within  the  grains  can  be  produced  before  fracture  occurs.  The 
alloy  of  Fig.  6  exhibits  practically  no  ductility;  those  of  Figs.  9 
and  10  from  4  to  6  per  cent  elongation. 

X.  RESISTANCE  TO  CORROSION  IN  THE  SALT-SPRAY  TEST 

The  resistance  of  these  alloys  to  corrosion  was  determined  by 
use  of  the  salt-spray  test.  This  test  consists  of  exposing  the 
samples  to  a  continuous  fog  of  salt  water,  produced  by  atomizing 
a  20  per  cent  solution  of  salt  (sodium  chloride)  in  water.'" 
Although  this  test  is  not  considered  as  entirely  satisfactory,  it  is 
thought  that  the  results  produced  I'epresent  with  a  fair  degree  of 
accuracy  the  results  obtained  in  actual  ser\'ice,  especially  under 
marine  conditions. 

'»  A.  N.  Finn,  Method  of  Making  Salt-Spray  Test.    Proceedings  Am.  Soc.  Test  Mats.,  XVIII,  Part  I, 

p.  S37;  1918. 
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Fig.  3. — Specimen  E}~M 4.     X20 


Fig.  4. — Specimen  E^-M^.     Xioo 


Fig.  5. — Specimen  E6-M/. 


P'iG.  6. — Specimen  E'j-Mli.      XjO 


The  structure  of  the  alloy  containing  8  per  cent  of  copper.    All  specimens  etched  with  o.i  per 

cent  NaOH 


Bureau  of  Standard?  Te-hnr|-?i:-  Paper  N-.  139 


Fig.  7. — Spicinun  Lil-I.     K^u 


Fig.  S, — SptLinun  ui-D.     ^jo 


Fig.  9. — Specimen  H1-2.     X^o  Fig.  10. — Specimen  A^-i.     Xjo  I 

Structure  of  cast  alloys.    All  specimens  etched  with  0.1  per  cent  NaOH 
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Fig.  II. — Specimen  H6-C.     Xioo 
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Fig.  12. — Specimen  Cl^-B.     y.^o 
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Fig.  13. — Specimen  Cig~C.     X50 
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Fig.  14. — Spccim-cn  gy  E.     X/jO 


Fig.  15. — Spccinun  Ej-^Ii.     XjO 
The  patk  of  fracture  in  cast  alloys 
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Fig.  i6. — Specimen  H2-4.     X50 
The  path  of  fracture  in  cast  alloys 
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The  alloys  were  subjected  to  the  salt-spray  test  for  two  periods 
of  one  month  each,  and  were  examined  at  the  end  of  each  period 
to  determine  the  relative  amoimt  of  corrosion.  This  was  esti- 
mated by  appearance  only,  as  it  is  practically  impossible  to  deter- 
mine it  by  loss  in  weight  on  accoimt  of  the  adherence  of  the 
products  of  corrosion  and  the  lack  of  a  satisfactory  reagent  to 
remove  the  rust  without  affecting  the  metallic  aluminum. 

The  alloys  were  cast  1/4  inch  thick,  about  1/8  inch  was  then 
milled  from  one  surface  so  that  one  exposed  surface  was  as  cast, 
and  the  other  was  machined.  The  specimens  were  2  inches 
wide  and  4  inches  long. 

The  designation  of  the  cast  alloys,  with  their  composition  and 
treatment,  is  given  in  the  following  table: 


Marked 

Treatment 

Composition 

A-30-A 

AI+5  per  cent  Mg. 
Do. 

A-30-A-A 

Annpnlpri  "Inn"  C 

CA  40  A 

Al+3  per  cent  Cu+1  per  cent  Mg. 
Do 

CA  40  A  A 

Annealed  500"  C 

G  1  F 

As  cast  . .          

Al+2  per  cent  Cu  +  1  per  cent  Mn. 
Do. 

GIF  A 

Z  31  A 

As  cast  .                      .  . 

A1+13J  per  cent  Zn+3  per  cent  Cu. 
Do. 

Z  31  A  A 

E  A 

As  cast  . 

Al+8  per  cent  Cu. 
Do. 

E  A  A 

These  cast  alloys  appeared  very  slightly  and  about  equally 
corroded  after  two  months  expostu-e  to  the  salt  spray,  although 
the  alloy  containing  5  per  cent  Mg  (A-30-A,  and  A-30  A-A) 
appeared  somewhat  better  than  the  others.  No  difference  could 
be  detected  between  the  milled  surface  and  the  siuiace  as  cast,  or 
between  the  specimen  as  cast  and  annealed. 

The  authors  are  indebted  to  A.  N.  Finn  for  his  assistance  in 
carrying  out  the  salt-spray  tests. 

XL  RESISTANCE  TO  THE  ACTION  OF  ALTERNATING 

STRESSES 

Light  alumintun  casting  alloys  are  called  upon  not  only  to 
resist  the  action  of  a  constant  load  or  stress  but  also  frec^uently 
to  resist  vibratory  stresses,  as  for  example,  in  a  crank  case. 
There  is  Uttle  published  information  on  the  subject  of  the  resist- 
ance of  light  alloys  to  the  action  of  alternating  stresses.  Elmen- 
dorf "  finds  that  cast  commercial  aluminum,   subjected  to  the 

"  A.  Elmendorf.    Tables  and  Charts  Resnltingfrom  the  Testing  of  Cast  Aluminum  on  a  WTiite-Souther 
Rotary  Testing  Machine,  Amer.  Mach.,  41,  p.  8ii;  1914. 
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White-Souther  test  Avill  withstand  i  ooo  ooo  reversals  of  stress 
at  a  maximtun  fiber  stress  of  lo  ooo  pounds  per  square  inch. 
Jeffries  '  states  that  the  cast  alloy  containing  8  per  cent  of  copper 
■will  withstand  an  unlimited  number  of  alternations  of  tensile 
stress  between  o  and  1 2  000  pounds  per  square  inch. 

Tlu-ee  compositions  of  alloy  were  tested  in  this  respect: 
(i)  That  containing  8  per  cent  of  copper  (the  E  series) ;  (2)  That 
containing  from  2  to  3  per  cent  copper  and  from  12  to  15  per 
cent  zinc  (the  Z  series) ;  and  (3)  that  containing  from  1.5  to  2  per 
cent  copper  and  from  1.5  to  2  per  cent  manganese  (the  G  series). 
The  test  bars  were  cast  horizontal  in  green  sand,  with  gate  and 
riser,  each  being  27  inches  long  and  7/8  inch  in  diameter.  The 
bars  were  machined  for  test  to  a  uniform  diameter  of  0.740  inch. 

A  modification  of  the  old  Wohler  or  White-Souther  machine 
was  used  for  the  testing.  Each  bar  was  supported  at  the  two 
outside  points  and  the  load  applied  at  the  two  intermediate 
third  points  by  means  of  weights  in  the  usual  manner.  These 
points  were  8  inches  apart.  The  specimens  were  then  rotated  at 
an  approximately  unifonn  rate  of  1000  rpm,  the  number  of 
rotations  to  rupture  being  indicated  in  the  usual  manner  with  a 
revolution  counter. 

The  results  of  the  tests  are  given  in  Table  8  and  in  the  ctu-ves 
of  Fig.  17.  For  comparison  the  tensile  properties  determined  on 
the  usual  type  of  tensile  test  bar,  of  the  heats  from  which  alter- 
nating stress  test  bars  were  poiu-ed  and  tested,  may  be  seen  in 
Tables  ib,  ic,  and  if. 

There  seems  to  be  no  marked  difference  between  the  different 
compositions  as  regards  their  resistance  to  alternating  stresses. 
The  series  E  seems  to  be  somewhat  superior  to  the  others,  the 
series  G,  slightly  inferior.  The  cm-ves  in  Fig.  17  are  drawn 
through  the  mean  of  the  mean  number  of  alternations  to  rupture 
for  each  stress.  The  following  values  are  taken  from  the  three 
curves: 


Series 
E 

Series 
Z 

Series 
G 

11  000 
8200 
6000 

10  400 
7200 
5000 

9S0a 

TVTflTimiim  fihpr  s(rft<i<;  withRtoofi  nt  10  000  000  alternations 

6900 

M»Ti"i1ini  fil>pr  RtrpQt;  withRtfind  at  TOO  000  000  altemafinnR 

5000 
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These  results  are  apparently  best  expressed  in  the  form  of 
curves  or  in  such  a  table,  but  the  following  equations  of  the  usual 
type  are  calculated  from  the  mean  curves: 

For  the  E  series  5  =  68  ooo  N-"-^^^ 
For  the  Z  series  5  =  93  000  A'""''' 
For  the  G  series  5  =  65  000  A'-"-*^' 

When  S  =  the  maximum  fiber  stress  in  povmds  per  square  inch. 
A'  =  number  of  alternations  to  ruptiure. 

These  equations  may  be  compared  with  that  given  (loc.  cit.) 
by  Elmendorf : 

5  =  48  000  A'-o-'i' 

for  cast  commercial  aluminum.  It  appears  that  the  resistance  to 
the  action  of  alternating  stresses  does  not  increase  in  proportion 
as  the  tensile  strength  or  the  hardness  of  the  alloy  increases. 
Thus  according  to  Elmendorf  aluminum  alone  will  withstand  as 
many  alternations  of  stress  at  fiber  stresses  of  from  7000  to  10  000 
poimds  per  square  inch  as  will  the  alloy  G,  which  has  a  tensile 
strength  from  20  to  50  per  cent  higher  than  that  of  tlie  aluminum. 
The  authors  are  indebted  to  L.  J.  Larson  for  his  assistance  in 
carrying  out  the  above  tests. 

XII.  SUMMARY  AND  CONCLUSIONS 

The  tensile  properties  and  the  hardness  of  a  number  of  different 
compositions  of  light  aluniinmn  casting  alloys  have  been  deter- 
mined; the  resistance  to  corrosion  compared  and  the  resistance  to 
the  action  of  alternating  or  vibratory  stresses  determined  of  a  few 
commonly  used  compositions. 

It  is  advisable  to  use  for  tensile  tests  a  test  bar  cast  almost  to 
size;  a  bar  cast  with  the  test  length  9/16  inch  in  diameter, 
afterwards  machined  to  0.505  inch  gives  satisfactory  results. 
The  use  of  a  type  of  test  specimen  which  can  be  gripped  in  a  self- 
centering  holder  in  the  testing  machine  is  recommended. 

A  study  of  the  effect  of  chemical  composition  on  the  mechanical 
properties  has  showii  that  it  is  possible  to  obtain  an  alloy  contain- 
ing from  2  to  3  per  cent  of  copper  together  with  1  or  2  per  cent 
of  nickel,  manganese,  or  both,  which  will  have  a  reasonable 
amount  of  ductility,  and  it  is  believed  that  an  alloy  of  this  type 
should  have  commercial  value.  Tensile  properties  suggested  for 
such  an  alloy  are  the  following: 

Tensile  strength poimds  per  square  inch .  .   20  000-25  000 

Elongation  in  2  inches,  not  less  than per  cent . .  5 
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The  addition  of  magnesium  to  alloys  containing  copper  reduces 
in  a  marked  manner  the  ductility,  but  increases  the  tensile  strength 
and  the  hardness. 

The  effect  of  heat  treatment  on  test-bar  castings,  consisting  of 
annealing  at  500°  C,  cooling  in  air  from  this  temperature  and  allow- 
ing to  age  for  several  days,  is  to  increase  the  tensile  strength  and 
the  hardness;  the  ductility  of  the  alloy  is  generally  decreased, 
but  may  in  some  cases  be  increased.  The  presence  of  magnesium 
in  the  alloy  in  amoimts  of  from  0.5  to  1.5  per  cent  seems  to  in- 
crease the  hardening  effect  of  heat  treatment.  The  heat  treat- 
ment of  light  alumininn  castings  would  seem  to  have  commercial 
possibilities. 

The  microstructure  of  the  different  alloys  was  studied  and  it 
was  found  that  fracture  in  them  prefers  a  path  along  the  brittle 
envelopes  surrounding  the  grains  of  aluminum,  consisting  of  the 
various  eutectics  which  are  formed  with  the  added  metals  or  their 
compounds  with  aluminum. 

Two  months'  exposure  in  the  salt  spray  produced  only  slight 
corrosion  of  several  compositions  of  cast  alloys.  There  was  no 
ver^'  appreciable  difference  between  the  different  compositions  in 
resistance  to  corrosion. 

A  study  of  the  resistance  to  the  action  of  alternating  stresses 
of  three  compositions  of  light  cast  alloys  {E  series,  containing  8 
per  cent  copperj  Z  series,  containing  2  to  3  per  cent  copper,  and 
12  to  15  per  cent  zinc;  G  series,  containing  i  .5  to  2  per  cent  copper, 
and  1.5  to  2  per  cent  manganese)  showed  that  there  was  no 
marked  difference  in  the  behavior  of  the  three  alloys  in  this 
test,  although  the  E  series  was  somewhat  superior  and  the  G 
series  somewhat  inferior  to  the  others.  All  of  the  three  alloys 
will  withstand  10  000  000  complete  reversals  (tension  to  com- 
pression) at  a  maximum  fiber  stress  of  7000  pounds  per  square 
inch. 

The  authors  are  indebted  to  Miss  H.  C.  Baker  and  Col.  A.  C. 
Krynitzky  for  carrying  out  most  of  the  mechanical  tests. 
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TABLE  2. — The  Resistance  to  Alternating  Stresses  of  Cast  Alloys  of  the  E,  G,  and 

Z  Series 

(a)  ALLOYS  CONTAINING  8  PER  CENT  COPPER  (E  SERIES) 


No. 

Load 

Kilreme 
fiber 
stress 

Number  of 

alternations  to 

rupture 

Average 

number  ol 

alternations  to 

rupture  for 

each  stress 

K8-5 

Lbs. 
35 
40 
40 
40 
45 
50 
50 
55 
55 
60 
60 

Lbs./in.2 
7000 
8000 
8000 
8000 
9000 
10  000 

10  000 

11  000 

11  000 

12  000 
12  000 

103  251  000 
2  559  000 

12  394  000 
5  145  000 

16  895  000 

1  522  000 

2  368  000 
715  000 

1  248  000 
945  000 
196  000 

103  251  000 

E8-3          

6  650  000 

E8-10 

E21-A 

E8-7 

16  895  000 

E8-1 

1  940  000 

E8-2 : 

E8-4 

980  000 

E8-11 

E8-6 

570  000 

E21-B 

(6)  ALLOYS  CONTAINING  1.5  TO  2  PER  CENT  COPPER  AND  1.5  TO  2  PER  CENT  MANGAN- 
ESE (THE  G  SERIES) 


G3-1 

25 
35 
35 
35 
35 
35 
35 
40 
40 
45 
45 
45 
45 
50 
50 
50 
50 
50 

5000 

7000 

7000 

7000 

7000 

7000 

7000 

8000 

8000 

9000 

9000 

9000 

9000 

10  000 

10  000 

10  000 

10  000 

10  000 

37  545  000 

17  123  000 

28  170  000 

12  929  000 

4  101  000 

8  802  000 

4  962  000 

880  000 

1  911  000 

896  000 

1  846  000 

1  349  000 

740  000 

1  305  000 

1  149  000 

422  000 

310  000 

428  000 

37  545  000 

G3-4 

12  680  000 

G3-6 

G3-7 

G12  A          .     . 

G12-B 

G12-C 

G3-3 

1  390  000 

G3-5 : 

G3-2 

1  210  000 

G3-8 

Gll-3 

Gil  A    

G3-10 

720  000 

G3-11     

GIO-A 

GIO-D            

Gll-2 

.   .   .. 

(c)  ALLOYS  CONTAINING  2  TO  3  PER  CENT  COPPER  AND  12  TO  15  PER  CENT  ZINC 


214-C.. 
E16-B.. 
E14-B.. 
E14-D. 
E16-C.. 
F14-A.. 
F15-A.. 
F16-D.. 


67  790  000 
5  177  000 
3  820  000 


2  826  000 

1  377  000 

618  000 
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I.  GENERAL  CONSIDERATIONS 

Because  of  the  greatly  increased  production  of  coke-oven  light 
oil  and  the  growing  importance  of  the  benzol  industry,  it  was  felt 
that  a  more  acciu-ate  method  of  analysis  for  light  oils  was  needed, 
as  there  is  frequently  a  great  discrepancy  between  the  results  of 
analysis  of  the  same  light  oil,  using  different  methods,  and  between 
the  results  obtained  by  different  analysts,  using  the  same  method. 
This  paper  represents  the  results  of  a  brief  search  for  an  improved 
method  for  the  determination  of  benzene,  toluene,  and  solvent 
naphtha  in  coke-oven  or  coal-tar  light  oil. 

After  the  light  oil  has  passed  through  the  usual  treatment  for 
the  determination  of  the  percentage  of  wash  oil  present  and  the 
determination  of  the  percentage  of  loss  on  washing  with  concen- 
trated sulphtu-ic  acid,  it  is  practically  a  mixtiure  of  benzene, 
toluene,  the  three  isomeric  xylenes,  and  higher  aromatic  hydro- 
carbons, together  with  the  small  amoimts  of  paraffins  usually 
present.  The  xylenes  and  the  higher  hydrocarbons  boiling 
between  135  and  160°  C  are  classed  as  solvent  naphtha,  so  that 
the  problem  resolves  itself  into  a  separation  of  a  mixture  of 
benzene,  toluene,  and  solvent  naphtha.  Fractional  distillation 
furnishes  the  easiest  means  of  accomplishing  this. 

There  are  three  main  types  of  methods  generally  in  use  for 
the  fractional  distillation  of  light  oil.  In  the  first  of  these,  the 
light  oil  is  distilled  through  a  fractionating  column  and  separated 
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into  two  fractions,  one  a  mixture  of  benzene  and  toluene  and 
the  other  a  mixture  of  toluene  and  xylene.  A  portion  of  each 
of  the  two  fractions  obtained  is  subjected  to  distillation  in  a  side- 
neck  flask,  and  the  percentages  of  benzene  and  toluene,  and  of 
toluene  and  xylene  are  read  off  from  the  cur\'es  or  tables  giving 
the  relation  between  the  composition  of  the  fraction  distilled, 
and  the  temperature  of  distillation.  The  method  of  Hugh  W. 
James  '  is  an  example  of  this  type.  Tliis  method  is  open  to 
objection  on  account  of  the  serious  errors  introduced  by  the  esti- 
mation of  the  percentage  composition  from  the  boiling-point 
curves  or  tables,  since  small  amounts  of  impiurities  materially 
influence  the  boiling  points  of  the  fractions. 

In  the  second  type  of  method,  distillation  is  made  tln-ough 
an  eflScient  fractionating  column,  and  the  receiver  is  changed 
at  95°  C  and  at  125°  C.  The  fraction  imder  95°  C  is  considered 
as  benzene,  the  fraction  95  to  125°  C  as  toluene,  and  the  residue 
as  solvent  naphtha.  The  method  of  Gustav  Egloff  ^  is  an  example 
of  this  type. 

This  method  is  more  logical  than  the  first,  since  it  aims  at  a 
more  complete  separation  of  the  mixture,  but  it  gives  fractions 
which  are  not  pure.  The  first  fraction  consists  of  a  mixtm-e  of 
benzene  and  toluene,  the  second  of  benzene,  toluene,  and  xylene, 
and  the  residue  of  toluene  and  xylene.  The  results  obtained 
depend  upon  the  assumption  that  there  is  the  same  amount  of 
toluene  in  the  benzene  fraction  as  there  is  benzene  in  the  toluene 
fraction;  and  similarly,  as  much  xylene  in  the  toluene  fraction  as 
there  is  toluene  in  the  residue,  in  which  case  the  errors  introduced 
by  assuming  the  fractions  to  be  piure  would  neutralize  each  other. 
The  objection  to  this  method  is  that  this  relation  does  not  usually 
exist,  since  the  amount  of  toluene  distilling  below  95°  C,  the 
amount  of  benzene  distilling  above  95°  C,  and  the  amount  of 
xylene  distilUng  below  125°  C  vary  \\-ith  the  rate  of  distillation, 
efiiciency  of  the  column,  composition  of  the  oil,  etc. 

In  the  tliird  t3-pe  of  method  the  light  oil  is  separated  into  the 
largest  possible  fractions,  wliich  distill,  respectively,  below  81.0°  C 
(for  benzene),  and  from  109.0  to  111.5°  C  (for  toluene).  The 
intermediate  fractions  (Si.o  to  109.0°  C  and  11 1.5  to  137.0°  C)  are 
then  subjected  to  distillation  in  a  side-neck  flask.  The  percentage 
composition  of  the  intermediates  is  then  read  off  from  previously 
constructed  curves,  similar  to  those  in  Figs.  3  and  4.     The  amounts 

'  Jour.  Soc.  Chejn.  Ind..  S5,  p.  236.  '  Met.  and  Chejn.,  Enj.,  16,  p.  259. 
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of  benzene,  toluene,  and  xylene  obtained  from  these  intermediates 
are  added  to  the  benzene,  toluene,  and  solvent  naphtha  fractions, 
respectively,  to  give  the  total  percentages.  The  method  of  Dyke 
Wilson  and  Ivan  Roberts '  is  an  example  of  this  type.  This 
method  is  the  most  logical  of  the  three,  since  the  percentage 
composition  of  the  intermediates  is  actually  determined,  giving 
less  probability  of  error  than  if  the  percentages  were  taken  as 
some  arbitrary  amount.  Furthermore,  the  error  introduced  by 
estimating  the  percentage  composition  by  boiling-point  curves  is 
comparatively  small,  since  it  is  applied  to  small  volumes. 

The  fractionating  apparatus  used  by  Wilson  and  Roberts 
consists  of  a  40-inch  Hempel  column,  filled  for  36  inches  of  its 
length  with  glass  beads;  above  this  is  a  vertical  reflux  condenser, 
the  purpose  of  which  is  to  condense  out  the  higher  boiling  con- 
stituents, and  allow  only  the  lower  boiling  constitutents  to  pass. 
The  objection  to  this  form  of  apparatus  lies  in  the  difficulty  of 
control  of  the  temperature  of  the  reflux  condenser,  or  dephleg- 
mator.  This  temperature  is  regulated  by  the  flow  of  liquid 
through  the  jacket  of  the  condenser.  Near  the  end  of  a  fraction, 
the  variation  of  1/5°  C  in  the  temperature  will  mean  the  difference 
between  completely  condensing  the  vapors  and  allowing  the  lower 
boiling  constituent  to  pass.  For  this  reason,  it  is  practically 
impossible  to  use  the  dephlegmator  efficiently,  as  the  temperature 
is  extremely  difficult  to  control  with  any  degree  of  accuracy. 

II.  CONSTANT-TEMPERATURE  STILL-HEAD  APPARATUS 

1.  DESCRIPTION 

The  constant-temperature  still  head  is  merely  an  improvement 
on  the  dephlegmator  used  in  the  Wilson  and  Roberts  still.  With 
its  use  it  is  possible  to  control  absolutely  the  vapor  temperature, 
thus  making  it  possible  to  condense  out  practically  the  last  traces 
of  constituents  having  a  higher  boiling  point  than  the  fraction 
desired.  It  is  not  a  new  idea,  but  was  first  worked  out  by 
Frederick  A.  Brown.^ 

The  fractionating  apparatus  used  in  the  experiments  described 
below  consisted  of  two  parts — a  Hempel  column  and  the  constant- 
temperature  still  head.  This  latter  consisted  of  a  spiral  of  iron 
pipe,  immersed  in  a  bath  of  oil.  The  temperature  of  the  oil 
bath  was  controlled  by  means  of  a  thermostat,  the  bath  being 
heated  electrically  and  stirred  by  a  motor-driven  agitator. 

•  Gas  Record,  p.  jio;  March,  1916.  <  Trans.  Chem  Soc  ,  87,  p.  49;  i38o. 
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The  pipe  spiral  was  made  from  a  12-foot  length  of  fi-inch 
wrought-iron  pipe,  bent  cold  aromid  a  mandrel  of  5  inches 
diameter,  gi\'ing  a  coil  of  about  6  inches  in  diameter,  and  ^  inch 
between  the  turns.  A  piece  of  copper  tubing  }4  inch  inside 
diameter  was  soldered  to  the  coil  as  shown,  to  act  as  the  outlet 
to  the  condenser. 

The  Hempel  column  was  made  of  glass,  iy&  inches  inside 
diameter,  and  so  formed  that  a  thermometer  could  be  inserted 
in  the  top.     A  metal  column  would  be  better,  because  there  is 
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Fig.  I. — Constant-temperature  still-head  apparatus 

danger  from  fire  in  case  of  breakage  of  the  glass  column.  A 
1500  cc  P\Tex  glass  flask  was  used,  but  here  again  metal  would 
be  more  suitable,  for  the  same  reason.  The  flask  was  heated  by 
means  of  a  Rose  burner,  wth  a  hemispherical  top  covered  with 
an  asbestos-covered  gauze.  Three  high-precision  thermometers 
(70  to  200°  C)  were  used—one  at  the  top  of  the  Hempel  column, 
one  at  the  top  of  the  spiral,  and  one  immersed  in  the  oil  bath. 

2.  OPERATING  DIRECTIONS 
The  bath  was  brought  up  to  the  required  temperature  by  means 
of  a  coil  of  resistance  ^^ire  immersed  in  the  bath,  and  was  main- 
tained at  that  temperature  by  means  of  four  50-watt  tubular  car- 
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bon  lamps.  A  mercury  thermoregulator  of  the  usual  type,  used 
with  a  relay,  controlled  the  temperature  of  the  bath  to  i/io°  C. 

A  looo  cc  sample,  measured  at  15.5°  C,  was  used.  The  temper- 
ature of  the  bath  was  brought  rapidly  up  to  75°  C  by  means  of  the 
heating  coil  and  then  slowly  up  to  the  temperature  necessary  to 
allow  the  vapors  to  pass  through  the  coil  when  the  liquid  in  the 
flask  was  boiling  briskly.  The  temperature  of  the  oil  bath  was 
then  controlled  by  regulation  of  the  thermoregulator  so  that  three 
to  four  drops  per  second  fell  from  the  end  of  the  condenser.  This 
temperature  was  about  1/10°  C  below  the  vapor  temperature  at 
the  top  of  the  still  head,  as  may  be  seen  from  the  curve  given  in 
Fig.  2.  Toward  the  end  of  the  benzene  fraction  it  was  necessary 
to  raise  the  temperature  of  the  bath  to  allow  the  vapors  to  pass 
through.  This  was  done  gradually,  keeping  the  vapor  tempera- 
ture at  the  top  of  the  still  head  under  81 .0°  C.  The  rate  of  distilla- 
tion gradually  slowed  down  to  about  one  drop  per  10  seconds, 
when  the  temperature  of  81.0°  C  was  reached.  The  receiver  was 
then  changed,  and  the  temperature  of  the  bath  gradually  raised, 
keeping  the  rate  of  distillation  under  one  drop  per  second  until  a 
temperature  of  110.0°  C  was  reached.  The  receiver  was  then 
changed,  and  the  temperature  of  the  oil  bath  was  held  by  the 
thermoregulator  at  such  a  temperature  that  the  rate  of  distillation 
was  about  two  drops  per  second,  and  the  vapor  temperature  was 
imder  111.5°  C.  Near  the  end  of  the  toluene  fraction  it  was 
necessary  to  raise  the  temperatxu-e  of  the  bath,  as  was  done  in  the 
benzene  fraction,  imtil  the  vapor  temperature  of  111.5°  C  was 
reached.  The  receiver  was  then  changed,  and  the  temperature 
of  the  oil  bath  gradually  raised,  keeping  a  rate  of  distillation  of 
under  one  drop  per  second,  until  the  vapor  temperature  of  137.0°  C 
was  reached.  The  distillation  was  then  stopped,  and  the  residue 
allowed  to  cool.  The  residue  was  then  drained  carefully  into  a 
graduate  and  measured. 

The  intermediate  fractions  were  distilled  in  a  standard  boiHng- 
point  apparatus,^  except  that  a  50  cc  Pyrex  flask  was  used  in  place 
of  the  larger  flask,  and  the  rate  of  distillation  kept  at  one  drop  per 
second.  A  60  to  140°  C  thermometer,  graduated  in  one-fifth 
degrees,  was  used.  The  temperature  at  which  exactly  one-half 
of  the  liquid  passed  over  was  noted,  and  the  percentage  of  benzene 
and  toluene  and  of  toluene  and  xylene  read  off  from  previously 
constructed  curves.     (See  Figs.  3  and  4.)     The  amounts  of  ben- 

^  Jour.  Ind.  and  Eng.  Cbem.,  lOj  No.  12,  p.  1006;  1918. 
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zene  and  toluene  obtained  from  the  intermediate  fractions  were 
added  to  the  amounts  obtained  in  the  benzene  and  toluene  frac- 
tions to  give  the  percentage  of  benzene  and  toluene,  and  the 
amount  of  xylene  obtained  from  the  toluene-xylene  intermediate 
fraction  added  to  the  residue  to  give  the  percentage  of  solvent 
naphtha.     The  distillation  loss  was  determined  by  subtracting 
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Fig.  2. — Typical  distillation  curves  obtained 

the  total  amount  of  distillate  plus  the  residue  from  the  volume 
taken  for  distillation.  All  volume  measurements  were  made  at  a 
temperature  of  15.5°  C. 

3.  RESULTS  OBTAINED 
Table  i  gives  the  results  of  fractionating  mixtures  made  up  of 
known  amoxmts  of  pure  benzene,  toluene,  and  xylene,  and  shows 
the  high  degree  of  accuracy  obtainable.  It  also  shows  that  the 
apparatus  works  equally  well  mth  varied  percentages  of  benzene, 
toluene,  and  xylene,  even  though  one  of  the  components  may  be 
present  in  a  comparatively  small  amount. 
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TABLE  1. — Results  of  Distillation  of  Mixtiues  of  Known  Composition 
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Fig.  3. — Benzene-toluene  intermediate 

Fig.  2  shows  a  set  of  typical  distillation  curves  obtained  with  the 
apparatus.  The  line  showing  the  temperatiu-es  at  the  top  of  the 
Hempel  column  gives  an  idea  of  how  the  distillation  would  pro- 
ceed if  only  a  Hempel  column  of  this  length  were  used.     The  line 
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showing  the  temperatures  at  the  top  of  the  constant-temperature 
still  head  shows  how  the  still  head  condenses  out  the  higher 
boiling  constituents,  allowing  only  the  lower  boiling  ones  to  pass, 
thus  holding  the  temperature  well  within  the  range  allowed  for 
"pure"  fractions.  As  may  be  seen  from  the  cur\-e,  when  the 
temperature  at  the  top  of  the  still  head  rises  to  8i.o°  C,  the  upper 
limit  for  the  benzene  fraction,  the  temperature  at  the  top  of  the 
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Fig.  4. — Toluene-xylene  intermediate 

Hempel  column  is  about  105.0°  C,  showing  that  the  vapor  at  that 
point  consists  almost  entirely  of  toluene,  with  only  a  small  amount 
of  benzene,  so  that  practical!)-  the  only  benzene  remaining  is  in 
the  form  of  vapor  in  the  coil  of  the  still  head.  Theoretically,  it  is 
possible  to  allow  all  of  the  benzene  to  pass  through  the  coil  and 
into  the  receiver,  without  allowing  any  of  the  toluene  to  pass,  but 
practically,  this  would  be  very  difficult  and  tedious,  if  not  impos- 
sible, so  that  it  is  much  easier  to  "sweep  out"  these  last  small 
amoimts  of  benzene  with  toluene,  thus  gi\'ing  a  small  intermediate 
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fraction.  The  same  considerations  apply  to  the  latter  part  of  the 
toluene  fraction  and  to  the  toluene-xylene  intermediate. 

The  large  volumes  of  pure  fractions,  and  likewise  the  degree  of 
their  purity  is  shown  by  length  and  straightness  of  the  curve 
within  the  temperature  ranges  of  o  to  8i  .0°  C,  and  iio.otoiii.5°C, 
and  the  sharpness  of  separation  by  the  very  small  rounding  of  the 
curves  at  the  points  where  the  receivers  are  changed  (81.0°  C, 
110.0°  C,  and  111.5°  C). 

The  comparatively  high  degree  of  purity  of  the  fractions  ob- 
tained with  this  apparatus  is  shown  by  Table  2,  which  also  shows 
the  method  of  calculation  used. 

TABLE  2.— Results  of  a  Typical  Distillation  with  the  Constant-Temperature  Still 

Head 

[Mixture  distilled  contained  57.50  per  cent  of  benzene,  jo.oo  per  cent  toluene,  and  12.50  per  cent  of  xylene. 

All  temperatures  are  corrected] 

Benzene  fraction  (under  81.0°  C)=565.8  cc 
Speciflc  gravity  at  15.5°  0=     0.884 

15.5 

Distillation  of  fraction  In  standard  boiling  point  apparatus:  °C 

1st  drop 80.0 

5CC 80.1 

50 M 80.3 

95  CC 81.3 

Dry 82.5 

Range 2. 5 

Benzene-toluene  intermediate  (81.0  to  110.0°  C)=12.1  cc  (1/2  distilled  over  at  85°  C) 
From  curve=83  per  cent  benzene— 10.1  cc  (to  be  added  to  benzene  fraction) 
=  17  per  cent  toluene    ~  2.0        (to  be  added  to  toluene  traction) 

Toluene  fraction  (IIO.O  to  111.5°  C)=  289.2  cc 
Specific  gravity  at  15.5°  C=     0.870 

15.5 

Distillation  of  fraction  in  standard  boiling  point  apparatus:  °  C 

1st  drop 110.0 

See 110.2 

50  cc 110.5 

95  cc 112.8 

Dry 113.2 

Range , 3.2 

Toluene-iylene  intermediate  (111.5  to  137.0°  C)=  15  cc  (1/2  distilled  over  at  125°  C) 

From  curve=  52  per  cent  toluene=  7.8  cc  (to  be  added  to  toluene  fraction) 
=  48  per  cent  xylene  =7.2  cc  (to  be  added  to  xylene  fraction) 
Residue  (above  137.0°  C)- 117.5  cc 

These  results  give  the  following : 


Fraction 

Volume 
found 

Percent- 
age 
found 

Percent- 
age ac- 
tually 
present 

Error 

cc 

575.9 
298.9 
124.  7 

57.59 

29.89 

12.47 

.05 

57.50 
30.00 
12.50 

Per  cent 

+009 

-  .11 

-  .03 

.5 
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III.  SUMMARY 

The  three  types  of  methods  generally  in  use  for  the  fractiona- 
tion of  light  oil  and  the  determination  of  benzene,  toluene,  and 
solvent  naphtha  are  discussed.  An  apparatus  which  is  an 
improvement  on  the  dephlegmator  of  the  Wilson  and  Roberts 
still  is  described,  and  the  details  of  its  operation  are  given.  The 
apparatus  is  easily  and  inexpensively  constructed  and  requires 
no  greater  attention  or  time  than  others  used.  Exceptionally 
large  volumes  of  "pure"  fractions  are  obtained  which  have  a 
very  small  boiling  point  range,  showing  that  they  contain  only 
negligible  amounts  of  impurities.  Almost  all  of  each  of  the  com- 
ponents of  the  mixture  distilled  is  obtained  in  practically  the  piu-e 
state  since  the  volumes  of  each  of  the  intermediate  fractions  are 
only  about  1.5  per  cent  of  the  volume  taken  for  distillation. 
The  composition  of  each  of  the  intermediate  fractions  is  actually 
determined,  and  the  error  introduced  by  this  determination  is 
small,  since  it  is  applied  to  only  small  volumes.  The  apparatus 
works  well  on  mixtures  containing  widely  varying  percentages 
of  benzene,  toulene,  and  solvent  naphtha. 

Washington,  June  10,  1919. 


D- 


DEPARTMENT    OF    COMMERCE 


Technologic  Papers 


OF  THE 


Bureau  of  Standards 

S.  W.  STRATTON.  Director 


No.  141 

ELECTROLYTIC  RESISTANCE  METHOD  FOR 
DETERMINING  CARBON  IN  STEEL 

BY 

J.  R.  CAIN,  Chemist 

L.  C.  MAXWELL,  Laboratory  Assistant 

Bureau  of  Standards 


ISSUED  DECEMBER  6, 1919 


PRICE,  S  CENTS 

Sold  only  by  the  Superintendent  of  Documents.  Government  Printing  Office 
Washington,  D.  C. 


WASHINGTON 

GOVERNMENT  PRINTING  OFFICE 

1919 


5 

ELECTROLYTIC  RESISTANCE  METHOD  FOR  DETER- 
MINING  CARBON  IN  STEEL 


By  J.  R.  Cain  and  L.  C.  Maxwell 


CONTENTS 

Page 

Introduction 3 

I .  Resistance  of  barium  hydroxide  solution 5 

II.  Absoq^tion  apparatus 8 

III.  Temperature  coefficients 11 

IV.  Methods  for  direct  reading  of  carbon  percentages 12 

V.  Apparatus  for  determining  electrical  resistance 14 

VI.  Procedure  for  determining  carbon 16 

VII.  Operating  suggestions 18 

VIII.  Summary 20 

INTRODUCTION 

The  purpose  of  this  study  was  to  investigate  the  accuracy, 
speed,  and  practicability  of  a  method  for  determining  carbon  in 
steel,  dependent  in  principle  on  passing  the  carbon  dioxide  pro- 
duced by  direct  combustion  of  the  metal  into  a  solution  of  barium 
hydroxide  of  known  electrical  resistance.  After  complete  absorp- 
tion of  this  gas  the  resistance  is  again  determined,  and  from  the  in- 
crease in  this  (dlxe  to  precipitation  of  barium  ions)  the  percentage 
of  carbon  is  deduced.  This  method  is  new  in  principle,  and  it  is 
believed  it  can  be  applied  generally  in  many  cases  where  the  sub- 
stance being  determined  precipitates  another  substance  from 
solution  with  resultant  change  in  resistance.  The  assembly  of 
apparatus  for  determining  resistance  is  also  new,'  and  offers 
many  advantages  for  technical  work  over  the  methods  hitherto 
in  general  use  for  measiu-ement  of  electrolytic  resistance  which 
require  the  use  of  induction  coils  or  high  frequency  generators, 
timed  telephones,  balanced  inductances  and  capacities,  etc. 
Other  new  featvu-es  are  the  application  of  the  nomograph^  for 

>  The  elements  of  this  are  described  by  Weibe!  and  Thiiras.  J.  Ind.  and  Eng.  Chem.,  10,  p.  626;  1918. 

*  The  mathematical  work  in  constructing  the  nomograph  shown  in  Fig.  4  was  done  by  H.  M.  Roeser 
of  this  Bureau  at  the  request  of  the  senior  author,  who  suggested  its  application  to  electrolytic  resistance 
data.  A  paper  on  this  subject  is  in  preparation  by  Mr.  Roeser.  References  on  the  nomograph  are:  Traite 
de  Nomographie,  by  M.  d'Ocagne.  Gauthiers-Villars,  Paris;  Graphical  Methods,  by  Carl  Runge,  Colum- 
bia University  Press,  New  York;  Graphical  Interpolation  of  Tabulated  Data,  by  H.  G.  Deming,  J.  Am. 
Chem.  Soc,  89.  p.  238S,  rgi?;  The  Nomon,  a  Calculating  Device  for  Chemists,  by  H.  G.  Deming,  J.  Am. 
Chem.  See,  89,  p.  2137;  1917. 
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the  graphical  representation  of  resistance  data  and  the  use  of  spe- 
cial conductivity  cells  with  adjustable  electrodes  to  facilitate  the 
manufacture  of  any  number  of  such  cells  with  the  same  cell  con- 
stant. 

Much  work  has  been  done  by  others  on  electrochemical  analyt- 
ical methods.  In  general,  tliis  work  falls  into  three  groups  in  which 
an  end-point  is  shown  electrochemically  by  the  following  methods : 
(i)  The  unknown  concentration  is  obtained  from  curves  expressing 
a  relation  between  cubic  centimeters  of  titrating  solution  and  con- 
ductivity (or  a  related  quantity)  of  the  solution  titrated;^  (2)  the 
unknown  is  obtained  from  curves  giving  the  relation  between  cubic 
centimeters  of  titrating  solution  added  and  the  corresponding 
electromotive  forces  of  a  cell  composed  of  a  normal  electrode  and 
an  electrode  not  acted  upon  by  the  solution  being  titrated,  the 
latter  being  the  electrolyte ;  *  (3)  a  special  application  of  method  2 
is  used  for  determining  hydrogen  ion  in  acidimetry  and  alkalimetry 
and  in  precipitations  from  neutralized  solutions.'  Such  methods 
suffer  by  comparison  with  the  present  for  the  following  reasons: 
(a)  A  curve  must  be  plotted  for  every  determination,  which  con- 
sumes much  time ;  (&)  the  apparatus  required  to  determine  carbon 
with  an  accuracy  of  o.oi  per  cent  carbon  would  be  too  delicate 
and  inconvenient  of  manipulation  for  everyday  use;  (c)  in  some 
cases  it  is  difficult  to  fix  with  sufficient  definiteness  the  inflection  or 
break  in  the  curve  denoting  the  end  point  of  the  titration.  Upon 
further  comparison  of  these  methods  with  the  present,  it  is  seen 
that  the  latter  dispenses  with  one  operation  common  to  all  the 
others,  namely,  the  addition  of  successive  portions  of  a  titrating 
solution  and  the  determination  of  the  resistance  at  each  addition, 
which  results  in  additional  timesaving. 

From  an  inspection  of  the  chemical  equation  for  the  reaction 
underlying  the  present  method: 

Ba(0H)2 -t- CO2  =  BaCOj  4- H^O 

it  is  evident  (when  any  given  conductivity  cell  is  used)  that  the 
only  factors  which  act  to  change  the  conductivity  of  the  barium 
hydroxide  used  for  absorption  are:  (i)  the  amoimt  of  carbon 
dioxide  absorbed,  which  determines  the  disappearance  from  solution 
of  the  barium  ion,  and  (2)  the  temperature.     Since  carbon  dioxide 

'  Hamed,  J.  Am.  Chem.  Soc,  39,  p.  252,  1916;  Findlay,  Practical  Physical  Chemistry;  Ostwald-Luther, 
Physik-^Chemische  Messuugen. 

*  Loomis  and  Acree,  Amer.  Chem.  J.,  46,  pp.  5S5,  621,  1911  (a  bibliography  is  also  given);  Hildebrand, 
J.  Amer.  Chem.  Soc,  35,  p.  S69,  1913:  Kelly,  J.  Am,  Chem.  Soc,  38,  pp.  341,  1916. 

»  Hildebrand.  loc  cit.  See  also  Weibcl  and  Thuras,  J.  Ind.  and  Eng.  Chem.,  10,  p.  6a6,  191S,  for  another 
electrolytic  method. 
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precipitates  barium  without  leaving  reaction  products  in  the 
solution  to  increase  the  conductivity  (such  as  would  remain  if, 
for  instance,  sodium  sulphate  were  the  precipitating  agent  for  the 
bariiun) ,  it  can  be  seen  that  the  present  method  should  give  the 
maximum  possible  change  of  resistance  for  a  given  amount  of 
barium  removed — a  condition  which  tends  to  secure  a  liigh  degree 
of  sensitiveness."  However,  since  the  temperature  coefficients 
of  resistance  of  barium  hydroxide  solutions  in  the  range  of  con- 
centrations herein  employed  (see  Fig.  2)  average  nearly  1.7  per 
cent  per  degiee,  it  is  evident  that  the  accuracy  of  the  method  will 
be  largely  affected  by  temperature  if  due  correction  is  not  made. 

In  developing  this  method  it  was  deemed  necessary  (a)  to  con- 
struct the  curve  showing  resistance  as  a  function  of  concentration 
of  barium  hydroxide  solutions  ranging  from  very  concentrated  to 
very  dilute,  and  to  select  the  portion  of  this  curve  showing  the 
maximum  change  of  resistance  for  a  given  change  of  concentration ; 
(6)  to' devise  an  apparatus  which,  when  the  selected  barium 
hydroxide  solutions  were  used  in  it,  would  completely  absorb  the 
carbon  dioxide  at  the  highest  rates  of  passage  of  the  gas  current, 
and  which,  in  order  that  the  method  might  meet  the  requirements 
of  convenience  and  rapidity,  should  permit  resistance  determina- 
tions to  be  made  without  transfer  of  the  solution  to  another  vessel, 
and  should  also  be  easy  to  fill  and  empty;  (c)  to  determine  the 
temperatm^e  coefficients  of  the  barium  hydroxide  solutions  in 
the  selected  range  of  concentration;'  {d)  to  prepare  a  chart 
enabling  the  operator  to  read  directly  tjierefrom  the  percentage 
of  carbon,  all  temperature  corrections  being  incorporated;  (<?)  to 
design  an  apparatus  for  the  electrical  measurements  possessing 
the  necessary  robustness,  reliability,  simplicity,  and  protection 
from  corrosion  by  the  laboratory  fumes. 

I.    RESISTANCE    OF    BARIUM    HYDROXIDE   SOLUTIONS 

A  curve  was  prepared  (Fig.  i)  showing  the  relation  between 
electrical  resistance  and  barium  hydroxide  concentration  when 
the  latter  was  varied  from  practically  saturation  to  nearly  zero. 
As  the  data  in  the  literature  were  insufficient  for  this  purpose, 
the  determinations  were  made  by  Louis  Jordan  of  this  Bureau 
and  are  represented  in  Fig  i .  The  solutions  for  constructing  the 
curve  were  prepared  from  J.  T.  Baker's  analyzed  barium  hydrox- 
ide by  diluting  a  stock  solution  of  this  with  carbon-dioxide-free 

'  Compare  the  conditions  in  Hamed's  work  with  Ba  (OH)2  solutions,  loc.  cit. 

'  There  is  some  possibility  of  placing  the  absorption  vessel  in  a  constant-temperatm-e  bath  together  with 
a  compensating  cell  in  the  other  arm  of  the  bridge.  This  would  remove  the  necessity  for  temperature 
correction.    The  method  described  herein,  however,  is  believed  to  be  simpler. 
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water  and  determining  the  strength  by  titration  against  standard 
hydrochloric  acid,  using  methyl  orange  as  indicator.     The  resist- 
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Temperature  2,5 'C 

Fig.  I 

ance  measurements  were  all  made  in  the  same  conductivity  cell 
and  at  practically  the  same  temperature  (27°) .»     No  great  accu- 

*  They  were  not  corrected  by  any  temperature  coefficient  since,  as  an  inspection  of  Table  i  shows  they 
were  made  at  near  enough  to  one  temperature  to  give  roughly  the  form  of  the  curve,  which  was  all  tliat 
was  desired. 
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racy  is  claimed  for  these  results,  which  are  used  only  for  estab- 
lishing the  form  of  the  curve  and  selecting  a  portion  of  it  for  more 
exact  redetermination.  The  portion  of  the  curve  selected  for  use 
in  this  method  is  that  between  A  and  B.  This  region  gives  the 
maximum  change  of  resistance  per  unit  change  of  concentration 
consistent  with  the  use  of  solutions  sufficiently  concentrated  to 
effect  complete  absorption  of  carbon  dioxide  under  the  conditions 
imposed.  Comparing  the  resistance  changes  with  changes  of 
concentration  of  barium  hydroxide  corresponding  to  i  per  cent 
carbon  on  different  parts  of  the  curve,  it  is  seen,  for  example, 
that  these  changes  in  resistance  are  approximately  six  times  as 
great  on  the  curve  portion  A 5  as  on  the  portion  CD.  The  use 
of  the  most  dilute  solutions  possible  is,  of  course,  also  desirable 
from  the  saving  in  barium  hydroxide  effected.  Solutions  to  the 
left  of  A,  even  when  used  in  a  very  efficient  absorbing  vessel,  will 
not  retain  all  the  carbon  dioxide  except  at  rather  slow  rates  of 
aspiration. 

The  methods  used  in  Tables  i  and  2  and  elsewhere  throughout 
this  paper  for  expressing  the  strength  of  the  barium  solution  in 
terms  of  "  equivalent  per  cent  carbon  "  was  chosen  for  convenience 
in  using  the  nomograph  described  subsequently  (pp.  13-14).  By 
"equivalent  per  cent  of  carbon"  is  meant  the  amount  of  carbon 
(expressed  as  percentage  on  the  basis  of  2  g  samples  used)  neces- 
sary to  precipitate  completely  all  the  barium  ions  from  the  solu- 
tion concerned..  This  amount  of  carbon  is  calculated  from  the 
equation  Ba(OH)2  +  C03  =  BaC03  +  HjO.  For  instance,  in  the 
first  horizontal  column  of  Table  i  it  is  seen  that  2.14  equivalent 
per  cent  carbon  corresponds  to  0.612  g  Ba(0H)2.  The  former 
figure  was  obtained  by  solution  of  the  proportion : 

Molecular  weight  Ba(0H)2  :  Atomic  weight  carbon  ::  (weight  of 
Ba(0H)2  in  200  cc  solution:  weight  of  carbon  in  sample. 

or 

171.38  :  12.00  ::  0.612  : 

whence  X  =0.0428  g  carbon 

or  the  "  equivalent  per  cent  carbon  "  =  (x/2)  100  =  2.14 
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TABLE  1. — Data  for  Resistance  Concentration  Curve  for  Ba(OH)3  Solutions  in  the 
Region:  2  to  30  Per  Cent  Carbon  Equivalent  Strength" 

[CeU  constant=0.715] 


Grams 
BaiOHh 
per  200  cc 

solution 


0.612 

1.12 

1.68 

2.20 

2.67 

3.17 

3.64 

4.05 

4.43 


Equivalent 
carbon 

Tempera- 
ture 

Per  cent 

•c 

2.12 

27.9 

3.92 

27.3 

5.87 

27.3 

7.70 

27.3 

9.35 

27.3 

11.1 

27.2 

12.7 

27.0 

14.2 

26.9 

15.5 

27.0 

Ohms 

171.6 
97.9 
68.5 
53.5 
44.9 
38.7 
34.6 
31.2 
29.2 


Grams 
Ba(OHl. 
per  200  cc 

solution 


4.94 
5.31 
5.88 
6.45 
6.93 
7.34 
7.84 
8.45 


Equivalent 
cartxin 

Tempera- 
txire 

Per  cent 

°C 

17.9 

27.2 

18.6 

27.0 

20.6 

26.9 

22.5 

26.0 

24.2 

26.8 

25.6 

21.2 

27.4 

21.2 

29.5 

27.3 

Ohms 
26.2 
24.7 
22.7 
21.8 
20.1 
20.8 
19.7 
16.4 


a  See  explanation  on  p.  7 . 

TABLE  2. — Data  for  Resistance  Concentration  Curve  of  BafOH),  Solutions  in  the 
Region:  4  to  5  Per  Cent  Carbon  Equivalent  Strength" 

[Cell  conslant=0.715] 


Grams 
Ba.OHi: 
per ;00  cc 

solution 

Equiva- 
lent 
carbon 

Tem- 
perature 

Observed       f". 

resist-        '^'l^" 

ance          'es'^'" 

ance 

Grains 
Ba(OHl: 
per  200  cc 

solution 

1 
E^"l™-       Tem- 
carC-     ""«'"" 

Observed 

resist- 
ance 

cor- 
rected 
resist- 
ance 

1.164 
1.198 
1.239 
1.242 
1.280 
'  1.286 

Per  cent 
4.075 
4.194 
4.337 
4.348 
4.432 
4.500 

'C 

23.6 
24.2 
24.2 
23.2 
24.4 
26.6 

Ohms 
100.9 
97.4 
94.6 
95.8 
91.4 
87.6 

Ohms 
98.49 
96.08 
93.26 
92.81 
90.42 
90.01 

1.301 
1.303 
1.346 
1.385 
1.403 
1.460 

Per  cent 
4.553 
4.559 
4.712 
4.848 
4.912 
5.110 

°C 

27.5 
26.4 
25.1 
25.8 
24.4 
23.1 

Ohms 

85.3 
86.8 
86.0 
82.7 
84.2 
82.8 

Ohms 

88.92 
88.79 
86.06 
83.90 
83.94 
80.11 

o  See  explanation  of  this  term  on  p.  7. 

The  portion  of  the  curve  selected  for  use  b}^  this  method  is 
again  sho^^•^  in  Fig.  2.  The  procedure  used  in  determining  the 
points  on  it  was  the  same  as  for  constructing  the  curve  shown  in 
Fig.  I,  except  that  more  care  was  taken  to  secure  accurate  read- 
ings and  the  results  were  corrected  by  the  temperature  coefficients 
given  in  Section  III  of  this  paper.  Table  2  gives  the  data  used  in 
constructing  tliis  ctlrve. 

n.  ABSORPTION  APPARATUS 

The  essential  features  desirable  in  the  absorption  apparatus 
are:  (i)  It  must  retain  all  carbon  dioxide  when  gas  passes  at  the 
rate  of  300  to  400  cc  per  minute ;  (2)  it  must  permit  resistance 
measurements  to  be  made  without  transfer  of  the  solution  to 
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another  cell;  (3)  temperatures  of  solutions  should  be  easily  read 
to  0.1°;  (4)  the  cell  should  be  easy  to  clean  and  fill  with  fresh  solu- 
tion; (5)  all  cells  should  be  built  with  the  same  cell  constant,' 
or  the  latter  should  be  capable  of  adjustment  to  one  value  for  all, 
so  that  one  chart  or  set  of  tables  may  be  used  for  all  cells. 


Cell  Constant  0.715 
Temperature  25°C 


Fig.  2 

Fleming  '"  and  others  have  shown  that  the  combustion  of  a 
sample  of  steel  and  the  sweeping  out  of  the  products  of  combustion 
from  the  apparatus  where  combustion  tubes  of  the  usual  length 
and  bore  are  used,  can  be  accomphshed  in  5  to  6  minutes;  this 
requires  passage  of  the  oxygen  at  the  rate  of  about  300  to  400  cc 
per  minute.  Soda  lime  has  been  found  to  absorb  all  the  carbon 
dioxide  at  this  and  higher  rates.  However,  barium  hydroxide 
solutions  of  all  concentrations  are  much  less  efficient  absorbents 
than  soda  lime.  The  absorbing  efficiency  increases  slightly  with 
the  concentration,  but  even  when  the  most  concentrated  solutions 
are  used  it  is  impossible  to  absorb  completely  all  the  carbon 
dioxide  in  the  usual  types  of  gas-absorption  vessels,  nearly  all 

•  The  "  cell  constant ' '  is  not  a  constant  at  all.  as  Washburn  and  others  have  shown,  but  for  want  of  a 
better  term  this  expression  has  been  used  throughout  this  paper. 
"  W.  R.  Fleming.  Iron  Age.  93,  p.  64.  1913. 

135338°— 19 2 
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of  which  were  tried.  The  method  used  for  testing  these  forms 
of  apparatus  was  to  burn  a  sample  of  steel  with  a  gas  meter 
before  the  furnace  to  control  the  rate  of  passage  of  the  oxygen, 
and  to  attach,  after  the  tube  being  tested,  a  second  absorption 
vessel  containing  a  little  clear  barium  hydroxide  solution.  A 
test  was  not  considered  satisfactory  if  the  second  tube  showed 
any  cloudiness. 

Satisfactory  absorption  was  secured  in  a  vessel  similar  to  that 
described  by  Weaver  and  Edwards,^'  with  suitable  modifica- 
tions, the  details  of  which  were  developed  by  S.  M.  Hull,  for- 
merly of  the  chemical  division  of  this  Bureau.  For  use  in  the 
present  work  electrodes  were  sealed  into  this  absorption  tube 
in  the  middle  reservoir.  In  order  always  to  secure  the  same 
cell  constant,  the  area  and  distance  apart  of  the  electrodes  were 
originally  adjusted  before  sealing  into  the  reservoir.  This  was 
found  to  be  an  extremely  uncertain  and  difficult  operation,  and 
this  difficulty,  as  well  as  the  general  fragility  of  the  apparatus, 
led  to  its  abandonment  and  the  search  for  sometliing  simpler. 
After  the  completion  of  investigations  described  in  another  paper ,'^ 
it  was  found  that  by  burning  the  sample  as  therein  described 
(namely,  by  placing  it  on  a  preheated  boat,  allowing  boat  and 
sample  ftirther  to  preheat  for  a  minute  in  the  furnace,  and  then 
admitting  oxygen  at  300  to  400  cc  per  minute)  it  was  possible  to 
burn  a  2  g  sample  completely  in  i  ^  to  2  minutes.  Since  the 
first  few  himdred  cubic  centimeters  of  oxygen  combined  with  the 
iron,  there  was  produced  a  much  greater  partial  pressirre  of  car- 
bon dioxide  than  would  have  been  secured  had  the  sample  burned 
slowly,  and  this  made  it  possible  to  use  a  very  simple  absorption 
tube,  such  as  that  shown  in  Fig.  3,  for  the  carbon  dioxide. 

It  was  also  found  simpler  to  build  a  cell  whose  electrodes 
could  be  adjusted  to  secure  a  given  cell  constant  than  to  attempt 
to  obtain  the  same  result  w4th  the  electrodes  sealed  in  a  fixed 
position  in  the  cell.  This  fact,  and  the  use  of  the  special  method 
of  combustion  described,  led  to  the  design  of  the  apparatus  shown 
in  Fig.  3.  This  is  not  fragile  and  the  glass  parts  can  be  built 
by  any  glass  blower  of  ordinary  skill;  it  meets  all  the  other  re- 
quirements detailed  on  pages  8  and  9. 

The  adjustment  of  the  cell  constant  is  made  by  moving  the 
electrodes  up  and  down  after  loosening  the  stuffing  box ;  a  marked 
change  takes  place  as  they  approach  the  meniscus.     Initial  ap- 

11  J.  Ind.  and  Eng.  Chem..  7.  p.  534;  1915. 

u  Cain  and  Maxwell,  J.  Ind.  and  Eng.  Chem..  10,  p.  530;  1918. 


Electrolytic  Carbon  Determination 


II 


proximate  similarity  can  be  attained  by  the  glass  blower  with 
comparative  ease.  Once  the  electrodes  are  set  in  the  proper  posi- 
tion, this  is  maintained  by  cementing  with  DeKliotinsky  cement. 
The  electrodes  are  platinized  and  the  cell  constant  is  determined  as 
described  under  "Operating  suggestions."  A  certain  amount  of 
adjustment  of  the  constant  of  the  cell  can  be  secured  by  removing 
or  adding  platinum  black  to  one  or  the  other  of  the  electrodes 
during  the  platinizing  operation  by  the  use  of  an  auxiliary  elec- 
trode.    Some  cells  in  long  use  at  the  Bureau  have  differed  in  cell 


7 


Fig.  3. — Details  of  absorption  vessel 

constant  by  0.04  without  affecting  the  acciu-acy  of  results.  Ac- 
tually, it  is  possible  easily  to  adjust  cell  constants  within  0.005, 
and  this  practice  is  to  be  recommended. 

III.  TEMPERATURE  COEFFICIENTS 

The  solutions  for  determination  of  these  coefficients  were  prepared 
and  standardized  as  described  on  pages  5  and  6.  The  conductivity 
cells  used  for  the  work  were  kept  in  a  thermostatically  controlled 
chamber  where  the  temperatures  were  maintained  within  0.01°  C. 

Resistances  of  barium  hydroxide  solutions  equivalent  to  ap- 
proximately 4.0,  4.25,  4.50,  4.75,  and  5.0  per  cent  carbon  were  de- 
termined at  20°,  25°,  and  30°.  The  experimental  values  and  the 
corresponding  calculated  values  for  a  and  /3  are  shown  in  Table  3. 
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These  values  for  a  and  /3  were  calculated  by  substituting  the  values 
for  temperature  and  resistance  from  Table  3  for  t  in  the  equation : 

Kt  Kjs 

TABLE  3. — Data  for  Temperatiire  Coefficients  of  Resistance 


Concentration  ol  Ba(OH)3  solution  <•  (approximate) 


5.0  per  cent  carbon.. 


4.75  per  cent  carbon. 


4.S0  per  cent  carbon. . 


4.25  per  cent  carbon. 


4.00  per  cent  cartion. 


Tempera- 
ture 


Resistance 


135.  25 
124. 02 
114.37 
142. 18 
130.36 
120. 16 
149. 07 
136. 62 
125.91 
156.18 
143. 07 
131.89 
165. 18 
151.28 
139. 48 


3X10-* 


.3505 


.3085 


.1652 


1  200  cc  of  the  solution  contained  barium  hydroxide  approximately  equivalent  to  the  carbon  in  a  2  e 
sample  with  5  per  cent  C,  or  100  cc  cf  the  solution  contained  barium  hydroxide  approximately  equiva- 
lent to  the  carbon  in  a  i  g  sample  with  5  per  cent  C  (i.  c.,  0,05  g  carbon);  or  approximately  0.7125  g 
Ba(OH)2.  The  other  solutions  contained  barium  hydroxide  approximately  equivalent  to  i  g  samples 
with  4.75,  4.50,  4.2s,  and  4.00  per  cent  C,  respectfully. 

IV.  METHODS  FOR  DIRECT  READING  OF  CARBON 
PERCENTAGES 

Several  methods  were  tried  for  graphically  representing  the 
relation  between  carbon  percentages  and  the  corresponding  ob- 
served temperature  and  resistance  measurements.  At  first  tables 
were  constructed  in  which  temperatm'e  corrections  were  calcu- 
lated and  appUed  for  every  tenth  of  a  degree  and  every  one-tenth 
ohm,  but  these  were  found  to  be  too  cumbersome.  Other  tables 
were  then  constructed  which  gave  the  temperature  corrections 
only,  with  the  idea  of  adding  or  subtracting  these  each  time  a 
reading  was  made.  This  condensed  the  tables  very  considerably, 
but  increased  the  amornit  of  calculation  necessary.  A  series  of 
curves  was  then  constructed  showing  the  relation  between  resist- 
ance and  per  cent  carbon,  a  curve  being  constructed  for  every  tenth 
of  a  degree.  Such  curves  are  convenient  to  use  only  if  they  are 
plotted  on  an  inconveniently  large  scale;  even  then  it  is  very 
fatigmng  to  use  them  for  many  readings  at  a  time. 
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After  a  little  study  it  was  found  that  the  /3  term  could  be 
omitted  from  the  equation  for  correcting  temperatures  to  25°, 
provided  this  equation  is  applied  only  between  the  temperatures 
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15°  and  35°;  at  higher  or  lower  temperatures  the  correction  for 
the  /3  term  is  appreciable.  If  the  laboratory  temperature  is  not 
within  these  Hmits,  the  stock  solution  in  carboy  F  of  Fig.  6  must 
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be  brought  within  this  range  by  placing  it  in  a  bath  of  hot  or  cold 
water.  The  equation:  (i)  R._^=Ri[i +a{t  —  2^)+^{t — 25))Hhen 
reduces  to:  R2=,=Rt[i  +a{t  —  25)],in  which  a  =o.oi68i,  this  vakie 
being  taken  from  Table  3.  After  trials  of  other  forms  of  curves, 
it  was  found  that  the  parabolic  form  answered  the  requirements 
of  fitting  the  obsen^ations  sufficiently  well  and  of  permitting  the 
construction  of  a  nomograph.  The  equation  to  the  curve  shown 
in  Fig.  2  was  calculated  on  the  assiunption  that  it  was  parabolic, 
using  the  methods  of  least  squares  and  the  observation  shown  in 
Table  2.     This  equation  was  found  to  be: 

O-13.589C  +  63.191  -o.2478i?25=o 

or,  O-13.5S9C  +  63.191  -o.2478i?(i+Q:(/-25)]=o 

whence  (2)  C  =  6.79  —  J/2Vo.99i2i? (0.5798 +  0.01 681^  —  67. 11 

C  being  the  equivalent  per  cent  of  carbon  in  the  sense  already 
explained.  From  equation  2  the  nomograph  shown  in  Fig.  4  was 
prepared.  This  nomograph  can  be  used  for  all  cells  having  cell 
constants  not  too  different  from  0.715  (see  p.  11),  which  was  the 
cell  constant  of  the  cell  used  when  data  for  the  curve  shown  in 
Fig.  2  were  obtained.  As  has  been  shown,  the  form  of  cell  used 
(Fig.  3)  allowed  the  electrodes  to  be  adjusted  always  to  secure 
this  result. 

The  use  of  the  nomograph  is  very  simple.  A  straightedge  is 
made  to  connect  the  obser\'ed  values  for  temperature  and  resis- 
tance, and  the  intersection  with  the  third  (middle)  ordinate 
gives  the  concentration  of  the  solution  in  terms  of  carbon  per- 
centage; this  may  be  termed  the  first  concentration.  After  the 
combustion  is  ended  a  similar  set  of  readings  is  taken  and  sub- 
traction of  the  second  concentration  reading  from  the  first  gives 
directly  the  per  cent  of  carbon  if  a  2  g  sample  has  been  taken; 
or,  if  a  I  g  sample  has  been  used,  the  result  is  multiplied  by  2. 
The  scales  can  be  read  to  0.005  P^r  cent  C,  0.05°  and  0.05  ohm. 
It  was  foimd  by  comparison  of  chart  readings  in  a  numb2r  of 
cases  ■v^•ith  the  resistances  computed  by  equation  i  that  the  error 
of  the  chart  is  less  than  0.005  P^r  cent  carbon. 

V.  APPARATUS  FOR  DETERMINING  ELECTRICAL 
RESISTANCE 

With  the  cooperation  of  the  Leeds  &  Northrup  Co.,  different 
forms  of  apparatus  for  measuring  electrolytic  resistances  were 
built  and  tried.  Two  forms  of  high-frequency  generator  in  con- 
nection ^\^[th  timed  telephones  were  used;  also  one  or  two  forms 
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of  induction  coil  as  sources  of  alternating  current,  and  an  inter- 
rupter such  as  is  used  in  wireless  investigations.  The  latter  was 
quite  unsatisfactory,  as  might  be  expected,  due  to  polarization. 
Good  results  were  obtained  with  the  high-frequency  generators 
and  tuned  telephones,  pro^'ided  that  inductances  and  capacities 
were  used  as  directed  by  recent  investigators.  Such  refinements 
were  inconvenient  in  a  method  such  as  the  present,  intended  for 
works  use.  There  are  two  other  important  objections  from  the 
same  standpoint:  (i)  The  difficulty  of  detecting  a  minimum  in 
the  telephone  when  working  in  a  noisy  place,  such  as  the  usual 
works  laboratory  and  the  fatigue  of  the  operator  who  would  have 
to  make  possibly  80  or  90  determinations  in  an  8-hour  day;  and 
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Fig.  5. — Diagram  of  bridge  used  for  resistance  measurements 

(2)  the  liability  to  deterioration  of  a  high-frequency  generator 
when  operating  continuously  24  hours  per  day,  as  might  happen 
in  technical  use.  These  considerations  led  to  the  development 
of  a  method  of  measuring  electrolytic  resistances  by  the  use  of 
commercial  60  or  25  cycle  current.  It  was  found  after  trial  of 
the  Weibel  '^  galvanometer,  of  a  vibration  galvanometer,  and  of 
a  direct  current  galvanometer  operating  off  a  crystal  rectifier  placed 
in  the  secondary  of  a  transformer  (the  cell  being  in  the  primary) 
that  the  Weibel  galvanometer  offered  a  very  satisfactory  zero 
instrument  for  such  measurements  of  electrolytic  resistance  as 
had  to  be  made  in  this  work.     The  bridge  shown  in  Fig.  5  was 


^'  E.  E.  Weibel,  Bureau  Standards  Scientific  Papers  No.  297;  1917. 
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accordingly  constructed  by  Leeds  &  Northrup.  The  resistance 
coils  and  galvanometer  are  inclosed  in  a  hermetically  sealed  box 
so  that  they  are  efficiently  protected  from  corrosion.  There  are 
three  dials — ^tens,  units,  and  tenth  ohms,  respectively — and  a 
fourth  which  adds  loo  to  the  readings  of  the  others,  when  this 
is  desired.  An  accturacy  of  o.i  ohm  in  the  readings  is  all  that  is 
necessary,  although  much  better  than  this  can  be  done.  This 
instrument  has  been  in  use  several  months  and  has  been  very 
satisfactor3^  A  perfect  minimum  is  always  registered  by  the 
galvanometer,  provided  the  electrodes  are  well  platinized. 

VI.  PROCEDURE  FOR  DETERMINING  CARBON 

A  nichrome-wound  furnace  is  used  for  heating.  Porcelain  or 
glazed-quartz  tubes  may  be  employed ;  they  should  be  fitted  with 
a  sheet-nickel  sleeve  for  internal  protection  from  fused  iron  oxide 
which  is  thrown  off  from  the  burning  steel.  The  two  absorption 
vessels  are  filled  to  the  200  cc  mark  with  barium  hydroxide  solu- 
tion from  the  stock  bottle  F  (Fig.  6;  see  also  note  i).  Oxygen  or 
air  freed  from  carbon  dioxide  is  passed  for  a  few  seconds  to  mix 
the  solutions,  and  their  temperatures  and  resistances  are  then 
recorded.  In  the  meantime  the  combustion  boat  filled  with  alun- 
dum  sand  has  been  preheating  in  the  furnace,  which  for  this  work 
should  be  maintained  continuously  at  1050  to  1100°  C,  preferably 
the  latter  temperature.^*  This  is  an  extremely  important  point, 
for  if  the  temperature  is  too  low  or  the  oxygen  is  not  pure  or  is 
not  admitted  at  300  to  400  cc  per  minute  after  the  combustion 
starts,  the  rapid  combustion  mentioned  on  page  10,  and  essential 
to  successful  absorption,  can  not  be  secured.  The  boat  is  removed 
from  the  furnace,  and  when  at  a  low  red  heat  the  sample  is  dis- 
tributed on  the  alundum  '^  and  the  boat  replaced  in  the  furnace 
and  left  to  preheat,  without  oxygen  passing,  while  the  next  sample 
is  being  weighed.  Oxygen  is  now  passed  at  the  rate  of  300  to  400 
cc  per  minute  for  the  next  two  minutes;  then  stopcock  S,  Fig.  6, 
is  turned  to  position  2,  which  admits  carbon-dioxide-free  air;  this 
should  pass  at  the  same  rate  as  the  oxygen.  During  this  combus- 
tion period,  if  directions  have  been  followed,  all  carbon  dioxide 
will  have  been  removed  from  the  furnace,  but  some  still  remains 
in  the  large  bulb  of  the  absorption  apparatus;  the  air  removes  this. 

^*  The  melting  point  of  gold  is  a  convenient  temperature  check.  If  this  metal  is  not  melted  the  tempera- 
ttire  is  too  low.    See  cited  paper  by  Cain  and  Maxwell. 

**  Experience  has  shown  that  no  loss  of  carbon  occurs  unless  the  sample  contains  dust;  with  most  steels 
this  can  fust  be  removed  without  causing  an  error  in  the  carbon  determination.  This  point  should  always 
be  tested,  however,  in  burning  new  steels. 
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Fig.  6. — Assembly  of  apparatus  used 
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The  advantage  of  the  use  of  air  at  this  stage  is  obvious:  a  saving 
of  oxygen  is  effected  and  the  furnace  is  immediately  available  for 
burning  the  next  sample.  While  air  is  passing  through  the  first 
tube  {i}4  to  2  minutes  is  necessary  for  this)  the  combustion  of  the 
next  sample  proceeds  as  already  directed,  using  the  second  absorp- 
tion tube.  The  second  reading  of  resistance  and  temperature  on 
the  first  tube  than  follows,  and  if  the  solution  is  not  too  dilute  it 
can  be  used  for  absorbing  the  carbon  dioxide  from  other  samples ; 
otherwise,  a  little  is  allowed  to  flow  into  the  reservoir  G,  and  the 
tube  filled  to  the  mark  again  with  fresh  solution.  Of  course  it  is 
an  economy  in  time  for  the  operator,  wherever  possible,  to  choose 
conditions  (weight  of  sample,  carbon  content  of  same,  etc.)  so  as 
to  get  the  maximum  number  of  determinations  for  a  single  filling, 
since  in  this  way  the  second  resistance  and  temperature  readings 
serve  as  initial  values  for  the  next  combustion,  and  so  on.  The 
solution  should  not  be  used  when  it  is  more  dilute  than  corre- 
sponds to  4  per  cent  carbon  (i.  e.,  99.5  ohms  at  25°;  see  nomo- 
graph. Fig.  4,  for  the  limiting  resistances  corresponding  to  other 
temperatures) ,  since  its  absorptive  power  at  rapid  rates  of  passage 
of  the  oxygen  is  then  less,  and  some  carbon  dioxide  may  be  lost. 
The  data  relating  to  combustions  should  be  recorded  as  obtained. 
It  is  convenient  to  use  a  tabular  form  or  record  showing  (i)  desig- 
nation of  sample,  (2)  weight  taken,  (3)  cell  used,  (4)  initial  tem- 
perature, (5)  final  temperature,  (6)  initial  resistance,  (7)  final 
resistance,  (8)  kiitial  concentration,  (9)  final  concentration,  (10) 
carbon  percentage  in  sample,  and  (11)  remarks.  There  is  ample 
time  for  entering  this  information  while  other  operations  are  going 
on.  A  very  good  way  is  to  enter  "final  temperature"  below 
"initial  temperature,"  and  "final  resistance"  after  "initial  resist- 
ance" for  each  sample,  since  this  relates  these  quantities  in  an 
easy  manner  for  reading  the  nomograph. 

The  gpeed  of  the  method  naturally  depends  on  the  skill  of  the 
operator  and  the  ingenuity  displayed  in  arranging  a  cycle  of  opera- 
tions which  secures  the  best  speed  tmder  his  working  conditions. 
Operators  at  the  Bureau  when  working  on  a  series  of  Bureau  of 
Standards  analyzed  samples  averaged  one  determination  per  four 
and  one-half  to  five  minutes.  The  accuracy  of  results  is  shown 
in  Table  4. 
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TABLE  4. — Results  by  Electrolytic  Resistance  Method 


Sample  used 


11a. 
lla. 


12b.. 


21a.. 
21a.. 


Sugar  (grams  carbon). 


Grams 
used 


Bureau  of 

Standards 
value  for 

carbon  (av- 
erage by 

direct  com- 
bustion) 


2.0 
2.0 
2.0 
2.0 
1.0 
2.0 
1.0 
2.0 

.5 

.5 
1.0 
2.0 
2.0 
2.0 

0.00421 
.00421 
.00421 


Per  cent 
0.223 


VII.  OPERATING  SUGGESTIONS 

I.  Stock  barium  hydroxide  solutions  are  conveniently  made 
in  one  to  two  carboy  lots  by  adding  soUd  barium  hydroxide  to 
the  carboy  nearly  filled  vdth  water  (agitating  with  air)  until  the 
equivalent  strength  approaches  5  per  cent  carbon.  Subsequent 
additions  can  then  be  made  by  adding  a  saturated  barium 
hydroxide  solution.  Of  course,  it  is  not  necessan,^  to  make  up 
exactly  to  the  equivalent  of  5  per  cent  carbon.  An  approximation 
to  this  is  all  that  is  desired.  The  strength  of  the  solution  is 
determined  from  time  to  time  during  the  standardization  by 
running  a  portion  of  the  solution  into  the  cell  and  measuring  its 
resistance.  If  a  set-up  like  that  sho^-n  in  Fig.  6  is  used  in  meas- 
uring the  resistance,  it  is  not  necessary  to  remove  the  carboy 
from  the  shelf  or  to  break  any  of  the  connections  during  these 
operations.  If  it  is  desired  to  economize  in  the  use  of  barium 
salt,  the  waste  solution  in  reser\'oir  G  can  be  brought  up  to 
strength  as  described,  after  first  decanting  it  oflF  from  the  barium 
carbonate  that  has  settled  out.  A  still  further  economy  can  be 
effected  bv  dr\'ing  and  calcining  to  oxide  the  precipitated  bariiun 
carbonate.     This  oxide  can  then,  of  course,  be  used  again. 
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2.  The  cell  constants  should  be  checked  from  time  to  time. 
This  may  be  done  (i)  by  bmning  standard  samples  or  (2)  by 
determining  the  resistance  of  a  N/io  solution  of  pure  potassium 
chloride.  Tliis  solution  should  be  prepared  on  the  day  it  is  to 
be  used,  since  stock  solutions  have  been  found  to  change  during 
the  course  of  this  work.     Table  5  shows  the  resistivities  at  various 

TABLE  5. — Specific  Resistivity  of  N/10  KCl  Solution  at  Various  Temperatures 
[From  Landolt-Bomstein  Physik.    Chemische  Tabellen  4  Atifl.,  p.  1117] 


Temiwiature 

Resist- 
ance 

Temperature 

Resist- 
ance 

Temperature 

Resist- 
ance 

15.0 

Ohms 

95.42 
93.28 
91.32 
89.37 
87.49 
85.69 
83.96 

22.0 

Ohms 

82.30 
80.71 
79.11 
77.64 
76.16 
74.79 
73.42 

29.0 

30.0 

Ohms 

72.10 

16.0 

23.0 

70. 82 

17.0 

24.0  

31.0  

69.59 

18.0 

25.0 

32.0 

68.40 

19.0 

26. 0  

33.0 

67.20 

20.0 

27.0 

34.0 

66.09 

21.0 

28.0  

35.0 

64.98 

temperatures    of    N/io    potassium -chloride    solutions.     The    cell 

constant   is    computed    from    the    formula:   R  =  NS,    or    N  =  -^, 

where  R  is  the  observed  resistance,  A'^  the  cell  constant,  and  S  the 
resistivity,  taken  from  Table  5,  for  the  same  temperature.  If 
a  change  in  cell  constant  has  taken  place,  it  is  most  probable 
that  the  electrodes  need  replatinizing.  Directions  for  this  are 
given  in  paragraph  4  of  this  section.  If  method  i  is  used,  any 
marked  deviation  from  the  correct  carbon  value  of  the  standard 
steel  may  be  due  to  a  change  in  the  cell  constant,  and  this  should 
then  be  checked  by  method  2 ,  unless  it  is  suspected  that  the  error 
in  the  carbon  determination  is  due  to  some  other  cause.  In  the 
present  work  no  deviation  of  cell  constant?  has  been  observed 
until  after  several  months'  use,  and  then  the  change  is  sudden 
and  erratic.  When  the  cell  constant  changes,  it  should  be  brought 
back  to  the  original  value  by  the  methods  already  described  in 
Section  II  of  this  paper. 

3.  If  the  absorption  vessels  are  not  to  be  used  for  some  time, 
they  should  be  cleaned  with  hydrochloric  acid  (not  over  2  to  3 
per  cent  HCl)  followed  by  distilled  water.  Extreme  care  should 
be  taken  that  none  of  the  hydrochloric  acid  or  chlorides  enter  the 
reservoir  for  waste  barium  hydroxide  solution  if  this  is  to  be  used 
again. 
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4.  To  platinize  the  electrodes,  the  cap  carrying  them  (Fig.  6) 
is  removed  from  the  cell,  and  they  are  first  cleaned  with  sulphuric 
acid  and  chromic-acid  mixture,  followed  by  distilled  water.  Then 
they  are  immersed  in  a  vertical  position  in  a  solution  made  of  100  g 
water,  3  g  chloroplatinic  acid,  and  0.02  to  0.03  g  lead  acetate. 
Current  is  passed  through  the  solution  by  connecting  the  elec- 
trodes to  three  dry  batteries  in  series.  The  current  is  passed  for 
five  minutes,  reversing  every  half  minute.  Finally,  an  auxiliary 
platinum  electrode  is  introduced  and  current  passed  with  this  as 
anode  for  another  two  minutes,  after  which  the  electrodes  are 
washed  thoroughly  with  distilled  water  and  are  then  ready  for  use. 

VIII.  SUMMARY 

1 .  This  paper  describes  the  fundamental  principles  of  a  method 
for  determining  carbon  dioxide  by  absorbing  it  in  barium 
hydroxide  solution  and  measuring  the  resistance  change  of  the 
solution  in  relation  to  its  concentration. 

2.  A  smtable  absorption  vessel  with  electro  l}^ic  resistance  cell 
incorporated  is  illustrated  and  described. 

3.  Resistance  measurements  of  barium  hydroxide  solutions 
var}'ing  in  concentration  from  3.08  g  Ba(OH)2  per  liter  to  42.25  g 
Ba(0H)2  per  liter  were  determined  approximately  and  determi- 
nations accurate  ^\^thin  o.io  ohm  were  made  of  the  resistances 
of  12  different  solutions  var\-ing  from  5.820  g  Ba(0H)2  per  liter 
to  7.300  g  Ba(OH).^  per  liter. 

4.  Temperature  coefficients  of  resistance  of  these  12  solutions 
were  determined  in  the  range  20.00°  to  30.00°  C. 

5.  Based  on  the  measiu'ements  of  resistance  of  the  barium 
hydroxide  solutions,  solutions  with  concentrations  varying  between 
5.820  g  Ba(0H)2  per  liter  and  7.300  g  Ba(0H)2  per  liter  were 
chosen  as  most  suitable  for  this  method. 

6.  Special  resistance-measvuing  apparatus  was  developed  which 
simplified  these  measurements  by  dispensing  with  tuned  tele- 
phones, high-frequenc}"^  generators,  and  balanced  inductances  and 
capacities. 

7.  A  convenient  nomographic  method  of  applying  necessary' 
temperature  corrections  to  resistance  measiu^ements  was  developed. 

8.  The  method  permits  of  acciu^ate  determinations  of  carbon  in 
steel  (i.  e.,  witliin  o.oi  per  cent  carbon)  by  the  direct-combustion 
method  in  four  and  one-half  to  five  minutes. 
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H.  E.  Cleaves  carried  out  some  preliminary  measurements,  and 
Messrs.  Silsbee,  Agnew,  and  Isler,  of  the  electrical  division  of  the 
Bureau,  cooperated  effectively  in  the  selection  of  a  suitable 
alternating-current  galvanometer.  The  Leeds  &  Northrup  Co. 
also  cooperated  fully  by  constructing  and  loaning  electrical  meas- 
uring apparatus  for  experimental  work,  and,  finally,  by  building 
in  practical  form  the  apparatus  that  was  developed. 

Washington,  October  8,  1918. 
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INTRODUCTION 

The  enameling  of  metals  is  a  relatively  old  art,  but  its  general 
application  to  household  and  industrial  articles  represents  a  com- 
paratively recent  development.  In  the  last  few  years  the  pro- 
duction of  enameled  cast-iron  and  sheet-steel  wares  has  attained 
a  position  of  considerable  economic  importance. 

It  is  the  purpose  of  this  paper  to  deal  with  the  materials  and 
methods  employed  in  the  manufactiu-e  of  enameled  cast-iron 
ware.  In  order  that  more  general  information  may  be  available 
regarding  the  raw  materials  used  in  the  compounding  of  enamels, 
considerable  attention  is  given  to  the  soiurces  and  methods  of 
preparation  of  these  materials,  as  well  as  to  their  properties  and 
effects  when  introduced  into  the  enamel  composition.  Methods 
of  calculating  enamel  formulas  and  examples  of  the  compositions 
of  enamels  of  various  types  are  given.  The  defects  in  enamels, 
their  causes,  and  the  remedies  to  be  employed  in  overcoming  them 
are  discussed  from  both  the  theoretical  and  practical  standpoints. 
Manufacturing  methods  and  equipment  used  in  compounding  the 
enamels,  making  and  preparing  the  castings,  and  applying  the 
enamels  are  also  discussed. 
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This  treatise  deals  with  the  enameling  of  cast  iron  by  the  dry, 
or  American,  process.  In  this  method  of  manufacture,  the  thor- 
oughly cleaned  casting  is  painted  with  a  suspension  in  water  of 
powdered  glass,  clay,  and  other  materials.  This  suspension  is 
known  as  the  grovmd  coat.  The  casting  is  then  heated  imtil  the 
ground  coat  is  thoroughly  fused,  forming  an  extremely  thin  layer 
of  transparent  glass  on  the  casting.  The  piece  of  ware  is  with- 
drawn from  the  furnace  and  immediately  coated,  by  means  of 
long-handled  sieves,  with  a  layer  of  opaque,  white,  powdered 
glass,  known  as  the  cover-coat  enamel.  Next,  the  casting  is 
returned  to  the  furnace  for  a  couple  of  minutes  during  which  the 
cover-coat  enamel  fuses  to  a  smooth  layer.  Two  such  layers  of 
cover  coat  are  usually  applied,  giving  a  total  thickness  of  from 
^  to  ^  of  an  inch.  The  treatise  does  not  deal  with  the  methods 
of  enameling  cast  iron  by  the  wet  process,  in  which  a  relatively 
thin  cover  coat  is  applied  to  a  thick  and  only  partially  fused 
opaque  ground  coat. 

I.  RAW  MATERIALS— REFRACTORIES 

In  order  to  use  his  raw  materials  to  the  best  advantage,  the 
enamel  maker  should  have  some  knowledge  of  the  method  of  their 
manufacture,  their  physical  and  chemical  properties,  the  impuri- 
ties they  are  liable  to  contain,  and  their  action  in  the  enamel. 
Generally  he  has  rather  definite  opinions  in  regard  to  the  last  point, 
based  on  his  individual  experience,  but  often  his  ideas  in  regard 
to  the  other  points  are  very  hazy  indeed.  It  seems  worth  while, 
therefore,  to  gather  from  a  great  variety  of  soiu-ces  the  pertinent 
facts  about  enamel  raw  materials  and  to  insert  the  compilation  as 
one  section  of  this  treatise. 

The  materials  used  for  making  white  enamels  for  cast  iron  may 
be  classified  as  follows: 


Refractories 

Fluxes 

Opacifying  agents 

Cornwall  stone 

FifiMlT^E  lime 

Antimony  oride 

White  mica 

Cullet 

Magnesium  carbonate 

Zirconium  coumpounda 
Titanium  oxide 
Spinels 

Quartz  and  other  forms  of  silica. . . 

Barium  carbonate  and  hydroxide . . 

Sodium  nitrate 

Potassf'TTn  Cflrbonnte. , . ,  , 

Fluorides 

Bone  ash  and  other  phosphates 

Lead  compounds 

Borax  and  boric  acid.    . 
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1.  FELDSPARS 

(o)  Properties  of  Feldspars. — The  feldspars*  are  hard,  crys- 
talline minerals.  Chemically  they  are  compounds  of  silica  and 
alumina  with  the  bases  potash,  soda,  and  lime.  The  composi- 
tions of  the  important  pure  types  are  shown  in  Table  i. 

TABLE  1. — Composition  of  Pure  Feldspars 


Trade  names 


Potash  feldspars 


Soda  feldspar 


Lime  feldspar 


Mlneralologlcal  names. 
Chemical  formulas  i 


SUica(SiOi) 

Alumina  (AliOi) 

Potassium  oxide  (KsO). 
Sodium  oxide  (NaiO) . . 
Calcium  oxide  (CaO). . . 


Orthoclase  and  microcline 
KAISlsOi  or  B:sO,  AlaOs, 
eSiOj 

64.7  per  cent 

18.4  per  cent 

16.9  per  cent 


Alblte 

NaAISliOi     or     NaiO, 
AhOj,  6S10i 

68.8  percent 

19.4  per  cent 


11.8  per  cent.. 


Anorthite 
CaAltSUOjorCaO, 

AiiOa.  2SiOi 
43.3  per  cent 
36.6  per  cent 


20.1  per  cent 


*  General  references:  Bastian,  Edson  S.,  Economic  Geology  of  the  Feldspar  Deposits  of  the  United 
States  (Bull.  430,  U.  S.  Geological  Survey).  Watts.  A.  S..  Mining  and  Treatment  of  Feldspar  and  Kaolin 
in  the  Southern  Appalachian  Region  (Bull.  53,  U.  S.  Bureau  of  Mines):  also  The  Feldspars  of  the  New 
England  and  North  Appalachian  States  (Bull.  92.  U.  S.  Bureau  of  Mines).  Day,  A.  L.,  and  Alien,  E.  T., 
The  Isomorphism  and  Thermal  Properties  of  the  Feldspars  (Publ.  No.  31,  Carnegie  Inst,  of  Washington; 
also  Am.  Jour,  of  Sci.,  4th  ser.,  19,  pp.  93-143).  The  Feldspars  of  Canada,  Canadian  Department  of 
Mines. 

Feldspars  corresponding  to  these  type  formulas  are  seldom 
found,  however.  Two  or  more  of  these  typical  feldspars  may  be 
found  mechanically  mixed  in  the  same  deposit,  or  even  inter- 
grown  in  the  same  crystal.  Also  the  commercial  feldspars  usually 
contain  admixtures  of  other  minerals  as  well. 

Potash  feldspar  occurs  in  two  mineral  forms,  orthoclase  and 
microcline.  Contrary  to  popular  belief,  microcline  is  the  more 
common  of  these  two.  For  practical  purposes  they  may  be  re- 
garded as  identical,  since  they  have  the  same  chemical  composi- 
tion and  are  similar  in  most  of  their  physical  properties.  Soda 
may  partly  replace  potash  in  these  feldspars.  The  color  may  be 
white,  pearl  gray,  light  yellow,  light  green,  or  any  shade  of  red 
from  pink  to  brick  red.  Potash  feldspars  break  readily  into  angu- 
lar fragments  which  show  two  distinct  cleavage  planes  intersect- 
ing approximately  at  right  angles.  The  surfaces  of  these  cleav- 
age planes  have  a  brilliant,  glossy  luster.  A  third,  less  prominent, 
cleavage  plane  is  sometimes  noticeable.  The  hardness  corresponds 
to  6  in  Mohr's  scale,  so  that  the  mineral  can  be  scratched  with  a 
knife  blade  only  with  difficulty.  The  specific  gravity  varies  from 
2.54  to  2.56. 
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Potash  feldspars  do  not  melt  suddenly,  as  do  many  minerals 
and  practically  all  metals,  but  undergo  gradual  fusion.  In  the 
geophysical  laboratory  of  the  Carnegie  Institution,'  it  was  found 
that  powdered  microcline  started  to  sinter  at  1000°  C  (1832°  F), 
formed  a  solid  cake  at  1075°  C  (1965°  F)  and  became  a  viscous 
glass  at  1300°  C  (2375°  F).  The  true  melting  point — i.  e.,  the 
temperature  at  which  the  feldspar  lost  its  crystalline  character 
and  became  an  amorphous  glass — was  determined  to  be  about 
1200°  C  (2200°  F).  When  made  up  into  cones  and  heated  with 
Seger  p}T:ometric  cones,  potash  feldspar  deforms  along  with  Seger 
cone  9.  The  presence  of  soda  feldspar  lowers  the  fusion  point,  the 
most  fusible  mixture,  70  per  cent  albite — 30  per  cent  microcline, 
deforming  before  cone  6.' 

Piure  soda  feldspar,  albite,  is  seldom  found,  part  of  the  NazO 
usually  being  replaced  by  lime  or  potash  and  lime.  Its  color  is 
usually  white  to  pale  green  although  it  may  be  reddish  or  gray. 
It  has  a  hardness  of  6  and  a  specific  gravity  of  2.6.  Two  distinct 
cleavage  planes  are  noticeable,  but  these  intersect  at  an  angle  of 
86°  instead  of  90°  as  in  the  case  of  potash  feldspars.  The  surface 
of  the  most  brilliant  of  the  cleavage  planes  is  marked  by  faint 
straight  striations.  Like  the  potash  feldspars,  albite  fuses  slowly 
to  a  viscous  glass.  The  true  melting  point  is  between  1200°  C 
(2200°  F)  and  1290°  C  (2350°  F).  When  tested  in  comparison 
with  Seger  cones,  albite  deforms  along  with  cone  7. 

Lime  feldspar,  anorthite,  is  rare  but  there  is  a  continuous  series 
of  lime-soda  feldspars,  known  as  plagioclases,  ranging  from  pure 
albite  at  one  end  to  anorthite  at  the  other.  The  member  of  this 
series  most  commonly  used  in  ceramic  work  is  oligoclase,  which 
has  the  following  composition:  Lime  (CaO)  3  per  cent,  soda 
(Na^O)  10  per  cent,  alumina  (AljOs,)  22.1  per  cent,  and  silica 
(SiOz)  64.9  per  cent.  In  fact,  most  so-called  soda  feldspars 
approach  more  nearly  to  oligoclase  in  composition  than  they  do  to 
albite.  The  high-soda  plagioclase  feldspars  conform  closely  in 
color,  crystalline  forms  and  physical  properties  to  albite.  The 
specific  gravity  increases  with  calcitim  content,  and  the  true  melt- 
ing point  is  also  raised.  However,  since  lime  tends  to  produce 
very  fluid  glasses,  the  fusion  pomt  is  not  raised  until  the  lime  con- 
tent becomes  quite  high.  High-lime  feldspars  are  not  used  in 
ceramic  work  because  they  make  very  fluid,  easily  crystallizable 
glasses. 

'  Day,  A.  L.,  and  Allen,  loc.  cit.,  pp.  420-426. 

•  Watts,  A.  S.,  Bull.  92,  U.  S.  Bureau  of  Mines,  p.  js- 
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While  the  intensity  of  the  color  in  fresh  feldspar  is  no  indication 
of  the  color  which  the  fused  feldspar  will  have,  yet  it  is  not  true 
that  dark  feldspars  fuse  to  as  perfectly  white  glasses  as  do  the 
colorless  varieties.  In  general  the  feldspars  that  fuse  to  the  most 
nearly  colorless  glasses  are  the  pure  white  or  colorless  varieties, 
then  come  in  order  the  pale  salmon,  cream,  brown  and  buff,  and 
finally  the  sea  green  and  olive  green  varieties.*  Even  slight 
carelessness  in  separating  colored  impurities  from  the  feldspar,  or 
contamination  during  grinding  may  have  far  greater  effect  on  the 
color  of  the  fused  feldspars  than  does  the  variation  in  tint  of 
minerals  themselves.  Red  feldspars  are  pink  when  ground,  but 
the  cream-colored   and  white  feldspars  are  nearly  pure  white. 

(b)  Occurrence  of  Feldspars. — Feldspars  are  among  the  most 
widely  distributed  minerals.  They  occur  as  constituents  of  nearly 
all  rocks  and  soils.  In  all  soils  and  in  most  rocks,  the  feldspar  is 
in  too  small  grains  and  is  too  intimately  associated  with  other 
minerals  to  be  economically  separated.  Commercially  valuable 
feldspars  usually  occiu"  as  constituents  of  igneous  rocks  of  extremely 
coarse  texture,  known  as  pegmatites.  These  pegmatite  masses 
may  vary  from  bands  a  few  inches  wide  to  great  masses  half  a  mile 
wide  and'  over  a  mile  long.  They  seem  to  have  been  intruded  as 
molten  masses  along  fractures  in  the  siurounding  rock,  and  are, 
therefore,  very  irregular  in  form,  although  lenticular  forms  are 
commonly  noted.  Wlien  the  pegmatite  mass  stands  nearly 
vertical  it  is  called  a  dike.  When  it  approaches  the  horizontal 
position  it  is  called  a  sill. 

Pegmatites  vary  greatly  in  coarseness.  Some  are  fairly  fine 
grained  while  others  contain  single  crystals  20  feet  across.^  It  is 
in  the  fairly  coarse-grained  deposits  only  that  the  feldspar  can 
be  separated  economically,  and  such  deposits  are  rather  rare. 
The  texttu-e  of  pegmatite  is  very  irregular,  a  gigantic  crystal 
being  liable  to  occur  in  a  mass  of  small  ones. 

Pegmatites  usually  contain  the  follo\ving  minerals  in  addition 
to  the  feldspars:  Quartz,  muscovite  (white  mica),  beryl,  biotite 
(black  mica),  tourmaline,  garnet,  and  magnetite.  The  propor- 
tions in  which  these  minerals  occiu-  vary  greatly  in  different 
deposits  and  even  within  a  few  feet  in  the  same  deposit.  A 
deposit  yielding  good  feldspar  may  change  suddenly  to  a  worthless 
mixture,  high  in  quartz  or  iron-bearing  minerals.  A  feldspar  is 
rendered  offgrade  in  color  by  the  presence  of  only  a  few  per  cent 

<  Watts,  A.  S..  Bull.  93.  U.  S.  Bureau  of  Mines,  p.  aj. 
•  Bastian,  Edson  S.,  Bull.  420.  U.  S.  Geological  Survey. 
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of  ferruginous  minerals.  Feldspars  containing  considerable  iron 
can  be  used  in  making  enamels,  but  such  feldspars  are  sold 
at  lower  prices  than  those  low  in  iron.  White  mica  and  beryl  do 
no  particular  harm,  but  are  difficult  to  grind.  Variation  in  the 
kinds  of  feldspar  and  the  amount  of  quartz  is  a  very  serious 
problem,  since  these  variations  are  quite  common  and  affect  the 
working  properties  of  the  mixtures  made  with  the  feldspar. 

(c)  Mining  and  Preparation. — Most  feldspar  is  quarried  from 
open  pits,  although  sometimes  short  timnels  are  run  from  the 
pits.  The  material  coming  from  the  pits  is  broken  and  sorted  by 
men  known  as  "cobbers."  The  feldspar  is  then  piled  in  the  open 
for  a  few  weeks  in  order  that  any  adhering  dirt  may  be  washed 
away  by  rain. 

The  crude  feldspar  is  hauled  to  the  mill,  then  dried,  if  necessary, 
and  either  reduced  to  i-inch  size  in  an  ordinary  rock  crusher  or 
broken  to  about  4-iQch  size  with  hammers.  An  objection  to  the 
rock  crusher  is  that  considerable  amounts  of  iron  may  be  intro- 
duced into  the  feldspar.  The  coarse  material  is  crushed  to  pass 
a  lo-mesh  sieve  in  a  buhr-stone  chaser  mill.  Tliis  mill  consists 
of  a  large  granite  disk  laid  fiat  on  which  two  large  granite  wheels, 
5  or  6  feet  in  diameter  and  1 2  to  1 8  inches  thick,  rtm  in  a  circular 
path.  It  is  a  crude  machine,  but  its  use  avoids  contamination 
with  metallic  particles.  From  this  machine  the  feldspar  goes  to 
ball  mills  or  tube  mills  for  fine  grinding.  From  these  it  is  bagged 
or  sent  to  stock  sheds,  no  sieving  or  bolting  being  practiced. 

The  large  majority  of  feldspar  deposits  in  this  country  are 
quartz-bearing  pegmatites  and  the  products  from  these  quarries 
are  graded  as  follows : 

No.  I.  Free  from  iron-bearing  minerals,  contains  little  white 
mica  and  not  over  5  per  cent  quartz. 

No.  2.  Nearly  free  from  iron-bearing  minerals  and  white  mica, 
may  contain  up  to  15  or  20  per  cent  quartz.-  This  grade  is  also 
known  as  "standard." 

No.  3.  Not  carefully  selected,  contains  higher  percentages  of 
iron-bearing  minerals,  white  mica,  and  quartz. 

In  southeastern  Pennsylvania  and  the  neighboring  parts  of 
Maryland  soda  feldspar  is  mined  from  pegmatites  that  are  free 
from  quartz,  the  chief  impurity  being  hornblende.  This  feldspar 
is  graded  according  to  its  freedom  from  iron-bearing  minerals  as 
follows : 

No.  1.  Carefully  selected,  practically  no  impurities. 
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No.  2.  Not  so  carefully  selected,  small  amounts  only  of  impuri- 
ties. 

No.  3.  Not  carefully  selected,  contains  enough  iron-bear'ng 
minerals  to  render  it  decidedly  off  color. 

The  No.  I  and  No.  2  grades  are  generally  ground  in  the  fine 
grinding  machines  for  4  to  6  hours.  The  No.  3  grade  is  ground 
for  only  2  to  3  hours.  Bastin  "  foimd  that  the  No.  i  and  No.  2 
grades  of  commercial  feldspar  were  of  a  fineness  that  would  permit 
99  per  cent  to  pass  a  loo-mesh  sieve  and  96  per  cent  to  pass  a  200- 
mesh.  The  No.  i  and  No.  2  grades  are  sold  to  potters.  The  No. 
3  and  part  of  the  No.  2  grade  Is  sold  to  enamel  and  glass  makers. 

Published  analyses  of  feldspars,  and  even  those  given  out  by 
feldspar  dealers,  are  for  the  most  part  of  little  value  to  feldspar 
users,  since  they  are  generally  made  on  hand-picked  samples  of 
pure  rock.  Of  comse  in  mining  feldspar  the  producer  gets  a 
mixture  of  minerals.  In  fact,  it  is  common  practice  to  blend 
feldspar  from  different  parts  of  the  same  deposit  or  from  different 
deposits  to  produce  as  large  an  amount  as  possible  of  feldspar 
that  is  not  too  impure  to  be  salable.  In  Table  2  are  given  some 
analyses  of  commercial  ground  feldspars.  Of  course  the  feld- 
spars marketed  from  the  same  quarries  the  next  month  might  be 
of  different  composition. 

TABLE  2. — Analyses  of  Commercial  Ground  Feldspars 


Silica  (SiOj) 

Alumina  (AJ2O3) 

Ferric  0rlde(FejO3). 

Llnie(CaO) 

Magnesia  (MgO) . . . 

Potash  (KjO) 

So<la(Na20) 

Lo3S  on  Ignition 


76.37 
h  13.  87 


.26 

.00 

5.24 

3.74 

.30 


no 


es.87 

»  19.10 


12.24 

2.56 

.64 


65.73 
A  19.28 


10.26 

4.08 

.48 


rfd 


69.05 

1.40 

.15 

.12 


10.03 
2.97 


V  ' 


69.45 

16.76 

.20 

.45 

.05 
9.80 
2.60 

.28 


VI/ 


65.50 

21.17 

.18 

.87 

1.40 

8.98 

1.00 

.15 


vn»     viii» 


68.20 

17.17 

.66 

.38 

.26 

10.18 

2.60 

.59 


71.07 

16.23 

.53 

.43 

.24 

8.24 

2.98 

.39 


»  Bull.  420,  U.  S.  Geological  Survey,  p.  9.  Ground  feldspars.  No.  3  grade,  from  near  Bedford,  N.  Y. 
Analysis  by  Geo.  Steigcr,  U.  S.  Geological  Survey. 

6  Bull.  420.  U.  S.  Geological  Survey,  p.  9.  Ground  feldspar.  No.  i  grade,  from  Bedford,  Ontario,  Canada, 
Analysis  by  Geo.  Steiger,  U.  S.  Geological  Survey. 

«  Bull.  420,  U.  S.  Geological  Survey,  p.  24,  Ground  feldspar.  No.  1  grade,  from  Auburn,  Me.  Analysis 
made  of  U.  S.  Geological  Survey, 

<*  Bull.  92,  U.  S.  Bureau  of  Mines,  p.  iS.  Permsylvania  potash  feldspar.  Ground  commercial  feldspar, 
1910.    Grade  not  stated;  analysis  made  by  D.  J.  Demorcst. 

«  Trans,  A,  C.  S.,  16,  pp.  88  and  212.    Number  2  potash  feldspar  from  near  Bedford,  N,  Y. 

/  Trans,  A.  C.  S.  16,  p,  212,    Soda  feldspar, 

9  No,  I  grade  Maine  feldspar.  Analyses  by  H,  C.  Evans,  U.  S.  Bureau  of  Standards,  These  analyses 
show  the  extreme  variations  of  five  shipments  received  at  the  Bureau  of  Standards  Clay  Products  Labora- 
tory during  the  two  years  extending  from  the  summer  of  1915  to  that  of  1917. 

*  Including  small  amotmts  of  iron  oxide. 

"  Loc.  cit. 
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The  approximate  mineral  composition  of  these  feldspars   as 
calculated  from  the  analyses  are  as  shown  in  Table  3 : 

TABLE  3. — Mineral  Composition  of  Commercial  Ground  Feldspars 
I 


Potash  feldspar 

Soda  feldspar  a 

Quartz 

Other  constituents. 


30.58 

32.83 

34.37 

1.93 


n 


m 


72.28 

22.59 

3.84 

1.86 


60.60 

35.69 

2.22 

1.50 


W 


59.32 
25.74 
10.29 
4.65 


58.70 
25.15 
16.15 


VI 


6.0 
83.86 
10.14 


vn 


60.22 
23.98 
11.97 
3.87 


vm 


48.80 
27.33 
19.49 
4.48 


o  Includins  small  amounts  of  lime  feldspar. 

It  is  evident  from  analyses  I,  V,  and  VIII  that  the  free  quartz 
in  some  commercial  feldspars  runs  quite  high.  It  is  also  shown  by 
analyses  III,  VII,  and  VIII  that  the  variation  in  the  composition 
of  the  feldspar  of  a  given  grade  and  brand  may  be  great. 

The  foregoing  outline  of  the  geological  occurrence  and  the 
methods  of  winning  and  grinding  feldspars  is  given  to  emphasize 
as  much  as  possible  a  fact  that  is  of  great  economic  importance  to 
enamel  makers,  namely,  that  commercial  feldspar  is  a  very  change- 
able commodity.  Not  only  is  it  liable  to  change  from  carload  to 
carload  but  even  from  bag  to  bag.  Yet  enamel  makers  habitually 
buy  their  feldspar  by  brand  names  and  assume  that  they  are  get- 
ting a  definite  product.  Quite  often  they  are  satisfied  to  order 
simply  by  the  name  of  the  State  from  which  the  product  is  to  come, 
as  Maine  feldspar.or  Connecticut  feldspar,  and  let  their  ptu^chasing 
agent  or  jobber  seciu^e  the  material  at  the  lowest  price.  When  it 
is  realized  that  few  enamelers,  and  still  fewer  purchasing  agents, 
know  that  feldspar  is  sorted  into  three  grades ,  and  on  the  other  hand 
that  all  feldspar  producers  think  that  No.  3  grade  is  entirely  suit- 
able for  enameling  purposes,  it  is  evident  that  enamelers  as  a  rule 
get  a  low  grade  and  variable  supply  of  feldspar. 

{d)  Effects  of  Composition  of  Feldspar  in  Enamels. — As  to 
color,  the  variation  in  iron-bearing  minerals  has  little  detrimental 
effect.  It  is  remarkable  how  little  effect  contamination  of  raw 
materials  by  iron  has  on  the  color  of  enamels.  This  is  no  doubt 
due  to  the  volatilization  of  the  iron  as  iron  fluoride  during  the 
smelting  of  the  enamel  according  to  the  following  schematic 
reactions : 

FeO  +  CaF,  -*     FeF^  (gas) +CaO 

or 
FcjOs  +  sCaF^     ->     2FeF3  (gas)+3CaO 
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Of  course  we  would  have  similar  reactions  if  cryolite  or  any 
other  fluoride  were  used.  In  fact,  iron  can  be  volatilized  from 
enamels  by  the  use  of  a  chloride,  sodium  chloride  (common  salt) , 
for  instance,  but  this  salt  has  a  detrimental  effect  on  the  proper- 
ties of  the  enamel.'  Before  the  introduction  of  fluorides,  am- 
monium chloride  was  a  common  constituent  of  enamel  batches. 

The  variation  in  the  amount  of  quartz  in  the  feldspar  has  a 
ver^'  decided  effect  on  enamels.  It  is  true,  as  shown  by  Watts,' 
that  an  addition  of  1 5  to  20  per  cent  of  quartz  to  a  feldspar  raises 
the  melting  point  but  little.  However,  the  action  of  such  a 
mixture  in  an  enamel  would  be  altogether  different  from  that  of 
pvu^e  feldspar.  The  enamel  would  be  more  refractory  and  have  a 
decided  tendency  to  chip.  Of  course,  on  the  other  hand,  if  the 
enameler  has  been  using  feldspar  high  in  quartz  and  the  percentage 
is  decreased,  the  enamel  tends  to  craze. 

Of  equal  importance  is  the  variation  in  the  relative  amoiuits  of 
potash  feldspar  and  soda  or  lime-soda  feldspar  in  the  commercial 
feldspar  brands.  Increase  of  potash  feldspar  with  corresponding 
decrease  of  soda  or  Ume-soda  feldspar  tends  to  cause  crazing,  and 
the  reverse  variation  to  cause  chipping.  Variation  in  the  relative 
amounts  of  potash  and  soda  (or  rather  lime-soda)  feldspars  in  the 
mix  is  the  method  used  by  some  enamel  makers  for  controlling 
crazing  and  chipping. 

In  No.  I  and  No.  2  grades  of  feldspar  the  producers  attempt  to 
control  the  percentage  amount  of  quartz  within  rather  wide  hmits, 
but  they  do  not  attempt  to  control  the  variations  in  the  relative 
amoimts  of  the  different  feldspars  present.  In  the  No.  3  grade, 
which  is  the  kind  enamelers  generally  get,  they  do  not  attempt  to 
control  either.  Since  in  American  enameling  practice  feldspar 
generally  constitutes  35  to  45  per  cent  of  the  melt,  slight  per- 
centage variations  in  the  composition  of  the  feldspar  used  mate- 
rially affect  the  properties  of  the  enamels. 

While  a  few  enamelers  have  reaUzed  that  they  were  having 
trouble  from  variations  in  their  feldspar,  they  have  not  under- 
stood how  to  overcome  this.  Chemical  analyses  are  tedious, 
expensive,  and  really  of  little  service.  An  analysis  may  tell  the 
enameler  that  a  given  carload  of  feldspar  has  a  different  composi- 
tion from  the  one  he  has  been  using,  but  it  will  not  tell  him  how 
to  alter  his  mix  to  overcome  this  difference.  If  he  is  skilled  in 
chemical  calculations,  he  may  compoimd  a  mix  with  the  new 

'  Bole.  Geo.  A.,  and  House,  R.  M.,  Trans.  A.  C.  S..  IJ,  pp.  xas-ug- 

B  Bull.  53,  U.  S.  Bureau  of  Mines,  p.  26. 
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feldspar  that  has  the  same  chemical  composition  as  his  old  mix; 
but,  owing  to  the  differences  in  physical  condition  and  chemical 
combination  of  the  ingredients  in  the  two  mixes,  the  new  and  the 
old  one  are  very  likely  to  act  differently  on  the  ware.'  This 
difference  in  action  is  due  to  variation  in  the  approach  to  com- 
plete homogeniety  by  the  two  compositions  in  the  rapid  melting 
process  employed  in  making  the  frits.  Another  possible  cause 
of  variation  is  difference  in  final  composition  of  the  two  enamels 
due  to  greater  losses  by  volatilization  in  one  case  than  in  the 
other. 

The  physical  and  mineralogical  condition  of  the  ingredients  of 
an  enamel  have  a  decided  bearing  on  the  rate  of  attainment  of 
homogeneity.  In  the  extremely  viscous  fluids  with  which  we  are 
dealing,  diffusion,  or  natvu^al  mingling  of  fluids,  is  very  slow. 
Coarse  particles  of  a  mineral  of  high  melting  point  may  remain 
in  the  semifused  glass  for  a  long  time  before  enough  material  that 
acts  as  a  flux  toward  this  mineral  comes  in  contact  with  them  to 
cause  them  to  melt.  Moreover,  it  is  perfectly  possible  for  globules 
of  one  melted  mineral  to  lie  suspended  in  another  for  many  hours 
at  elevated  temperatures.  In  fact,  some  cases  of  opacity  seem  to 
be  due  to  this  very  circumstance.  Such  mixtures  are  glass 
emulsions.  Of  coiurse  all  emulsions  are  not  opaque,  as  this  prop- 
erty depends  upon  the  optical  characteristics  of  the  liquids.  Now 
the  viscosity  of  a  mixtiure  of  liquids  in  the  form  of  an  emulsion 
is  not  the  same  as  if  the  mixture  were  homogeneous.  In  silicate 
mixtures  it  is  generally  greater. 

All  glasses  pass  more  or  less  rapidly  through  this  emulsion  state, 
the  degree  of  homogeneity  obtained  depending  upon:  (i)  The  size 
of  the  globules.  This  is  dependent  upon  the  fineness  of  grinding 
of  materials  used.  (2)  The  rate  of  diffusion.  This  is  dependent 
upon  the  viscosity  of  the  minerals  in  the  melt,  and  the  amovmt 
of  stirring  given  the  enamel.  For  each  mineral,  viscosity  is  de- 
pendent upon  the  temperature.  (3)  Time.  For  a  concrete  illus- 
tration, we  may  take  SiOj.  If  we  introduce  this  in  the  form  of 
flint,  we  know  that  the  finer  the  grinding — that  is,  the  smaller 
the  globules  formed  when  the  material  fuses — the  nearer  the 
approach  to  homogeneity,  and,  therefore,  the  less  the  viscosity  of 
otur  glass  at  a  given  stage  in  the  melting.  If  we  replace  fine  flint 
by  sand  and  do  not  alter  our  melting  procedure  the  resultant 
enamel  will  have  a  higher  fusion  point  and  will  not  be  as  near 
homogeneity.    In  fact,  it  will  be  possible  to  identify  small  particles 

'  Staley,  Homer  F.,  Trans.  A.  C.  S.,  10,  p.  114;  13,  p.  676. 


1 6  Technologic  Papers  of  the  Bureau  of  Standards 

of  partially-melted  sand  in  the  enamel  on  the  ware.  If  we  intro- 
duce SiOj  by  means  of  soda-lime  feldspar,  a  mineral  with  less 
viscosity  at  given  temperatures  than  flint,  and  therefore  a  more 
rapid  rate  of  diffusion,  we  may  obtain  the  same  degree  of  maturity 
if  the  metal  is  ground  less  fine,  or  if  the  mixture  is  fired  to  a  lower 
temperature,  or  for  a  shorter  time. 

For  these  reasons  enamel  makers  find  that  the  most  satisfac- 
tory method  of  testing  a  new  feldspar  is  to  incorporate  it  in  various 
proportions  into  trial  mixes  and  to  study  the  effect  of  these  when 
applied  to  the  ware.  However,  no  enamel  maker  can  afford  to 
take  the  risk  of  introducing  a  practically  new  mix  into  his  shop 
every  time  he  gets  a  new  shipment  or  new  carload  of  feldspar. 
Moreover,  as  we  have  pointed  out,  from  the  very  nature  of  its 
method  of  occurrence  and  preparation,  the  different  parts  of  the 
same  shipment  of  feldspar  or  even  two  adjacent  bags  may  differ 
in  composition. 

The  most  practicable  solution  of  the  feldspar  problem  for  enamel 
makers  seems  to  be  to  adopt  the  methods  that  have  been  used  by 
porcelain  manufacturers  for  many  years.    These  are  as  follows: 

1 .  The  purchase  of  feldspar  of  grade  not  poorer  than  No.  2  from 
reputable  producers,  and  insistence  that  the  material  furnished  be 
up  to  grade. 

2.  The  use  of  at  least  two  brands  of  feldspar  in  each  mix,  the 
amount  of  each  brand  used  being  taken  from  two  different  ship- 
ments. 

3.  Thorough  testing  in  trial  melts  of  each  new  shipment  of 
feldspar  to  determine  what  change,  if  any,  should  be  made  in  the 
mix  to  accommodate  it  to  the  new  feldspar. 

This  method  of  blending  feldspars  reduces  the  effect  of  varia- 
tion in  any  particular  shipment  to  not  over  one-fourth  what  it 
would  be  if  the  shipment  were  used  alone.  Moreover,  the  varia- 
tions of  different  shipments  and  brands  tend  to  be  averaged  and 
so  to  neutralize  one  another.  It  should  be  noted  that  it  is 
necessary  not  to  start  the  use  of  more  than  one  new  shipment 
at  a  time. 

There  are  two  objections  that  enamel  makers  may  make  to  this 
program:  First,  the  extra  cost  of  a  higher  grade  of  feldspar;  sec- 
ond, the  inconvenience  of  storing  four  to  six  shipments  of  the 
material.  A  good  grade  of  feldspar  will  cost  $2  to  $3  per  ton 
more  than  a  poor  grade.  A  ton  of  feldspar  will  make  enamel  to 
cover  about  $3000  worth  of  ware.     It  is  a  very  exceptional  case 


Enameled  Cast-iron  Wares  1 7 

where  the  use  of  high-grade  feldspar  of  unifonn  quality  will  not 
cut  the  enameling-room  loss  by  at  least  i  per  cent.  Allowing  a 
couple  of  dollars  per  ton  for  cost  of  storage  and  extra  handling 
incident  to  the  blending  system,  we  can  credit  a  profit  of  at  least 
$25  per  ton  to  the  use  of  blended  high-grade  feldspars.  In  most 
cases  the  credit  should  be  much  more  than  this.  The  absolute 
necessity  of  maintaining  a  supply  of  feldspar  of  as  imiform  quality 
as  possible  can  not  be  overemphasized.  Feldspar  is  more  variable 
in  composition  than  any  of  the  other  ingredients  used  in  enamels 
and  the  results  of  variation  are,  as  we  have  tried  to  point  out,  dis- 
astrous. Probably  more  loss  has  been  caused  in  the  enameling 
business  by  variation  of  feldspar  than  by  any  one  other  factor. 

Feldspar  is  a  refractory  ingredient  in  enamels  owing  to  its 
content  of  aliunina  and  silica.  In  cast-iron  enameling  practice, 
it  is  often  the  only  refractory  ingredient  used,  although  some- 
times flint  or  quartz  is  employed  with  it.  It  is  looked  upon  as 
the  fotmdation  of  the  enamel,  since  it  is  used  in  larger  amounts 
than  any  other  ingredient.  Increase  of  feldspar  in  an  enamel 
makes  it  less  fusible,  increases  opacity  to  a  sUght  extent,  tends 
to  stop  crazing  and  to  cause  chipping.  Feldspar  makes  more 
opaque,  richer-looking  enamels  that  are  not  so  liable  to  craze 
and  chip  than  do  quartz  or  flint  when  used  as  refractory  ingre- 
dients. 

A  given  percentage  of  potash  feldspar  will  give  an  enamel  that 
is  more  liable  to  craze  and  less  liable  to  chip  than  will  the  same 
amoimt  of  soda  feldspar,  or  rather  the  high-soda,  Hme-soda 
feldspar  that  is  usiially  sold  under  the  name  of  soda  feldspar. 
This  is  due  to  the  fact  that  the  combined  percentage  of  silica 
and  alumina,  the  refractory  ingredients,  is  lower  in  potash  feldspar 
than  in  the  usual  commercial  soda  feldspars.  Crazing  and  chip- 
ping can  be  controlled  in  many  cases  simply  by  varying  the  rela- 
tive proportions  of  these  two  kinds  of  feldspar.  When  potash 
feldspar  is  to  be  substituted  for  soda  feldspar  without  changing 
the  fit  of  the  enamel,  a  larger  amoimt  of  it  must  be  used.  These 
are  the  usual  relations,  but  of  coturse  an  impure  potash  feldspar 
very  high  in  quartz  might  cause  Qhipping  when  substituted  for  a 
nearly  pure  soda  feldspar. 

Potassium  gives  more  brilliant  glasses  than  sodium;  but  the 
effect  on  luster  of  change  in  alkalies  incident  to  change  of  feldspars 
is  generally  obscured  by  the  more  powerful  influences  of  the 
large  amoimts  of  fluxes,  opacifiers,  etc.,  present  in  the  enamel 
mix. 
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(e)  Tests  for  Feldspar. — ^As  indicated  before  there  are  no 
simple  chemical  tests  for  the  quality  of  feldspars.  If  a  complete 
chemical  analysis  is  wanted,  it  should  be  made  by  an  experienced 
analyst,  following  the  methods  given  by  Hillebrand  '"  with  determi- 
nation of  the  alkalies  by  the  J.  Lawrence  Smith  method.  A  quick 
qualitative  and  a  fairly  accurate  quantitative  examination  can  be 
made  by  a  skilled  microscopist  following  the  methods  described 
by  McCaughey."  The  enamel  mixer  will  generally  have  to  judge 
the  quality  of  a  shipment  of  feldspar  by  incorporating  it  into  a 
trial  melt. 

It  sometimes  happens  that  a  question  arises  as  to  whether  a 
certain  lot  of  material  is  feldspar  or  not.  Feldspar  is  Uable  to 
be  confused  with  some  of  the  other  white,  gritty  materials.  These 
may  be  whiting,  fluorspar,  cryolite,  or  flint.  WTiiting  gives  a 
violent  effer\'escence  when  treated  with  hydrochloric  acid;  feld- 
spar is  not  affected.  Fluorspar  and  cryoUte  give  off  pungent 
white  ftunes  (poisonous)  of  hydrofluoric  acid  when  heated  with 
strong  sulphmic  acid  in  a  platinum  vessel ;  feldspar  is  not  affected. 
A  cone  made  from  90  per  cent  feldspar  and  10  per  cent  fire  clay 
will  deform  before  Seger  cone  10,  while  a  similar  cone  made  from 
flint  and  fire  clay  will  not  be  affected  until  much  higher  tempera- 
tures are  reached.  Flint  is  generally  much  nearer  pure  white  in 
color  than  feldspar.  The  particles  of  grit  that  can  be  washed 
out  of  feldspar  are,  when  viewed  under  a  good  magnifying  glass, 
generally  oblong  in  shape  and  of  dull  luster,  while  those  from 
flint  are  irregular  or  rounded  and  generally  of  brilliant  luster. 

2.  CORNWALL  STONE 

In  England,  and  to  some  extent  in  America,  Cornwall  stone, 
sometimes  called  Cornish  stone  or  simply  "stone,"  is  used  in 
place  of  feldspar.  It  is  a  pegmatite  that  has  been  partly  decom- 
posed by  the  action  of  gaseous  compounds  of  fluorine.  It  con- 
sists largely  of  feldspar,  siUca,  kaolin,  and  white  mica,  with  a 
small  percentage  of  fluorspar.  It  is  rather  variable  in  composi- 
tion but  generally  contains  4  to  6  per  cent  of  potassium  oxide, 
2  to  3.5  per  cent  sodium  oxide,  and  0.5  to  2  per  cent  calcium  and 
magnesimn  oxides.  The  silica  runs  from  70  to  75  per  cent,  and 
alumina,  14  to  17  per  cent.     Analyses  are  given  in  Table  4. 

'»  Hillebrand.  Bull.  422,  U.  S.  Geol.  Stir. 

»  McCaughey.  Trans.  Am.  Cer.  Soc,  15,  pp.  381-3871 
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I» 

II  <• 

72.28 

73.18 

14.90 

16.13 

.50 

.52 

1.66 

.61 

.15 

.14 

5.25 

4.41 

3.01 

2.18 

.88 

.23 

.53 

.45 

.81 

2.01 

SiUca(SlOi) 

Alumina 

Iron  oxide 

Calcium  oilde 

Magnesium  oxide 
Potassium  oxide. . 

Sodium  oxide 

Fluorine 

Phosphoric  oxide. . 
Water 


72.21 
16.32 


2.02 

.20 

4.39 

2.86 

1.97 


a  Howe.  J.  A.,  Handbook  to  the  CoUection  of  Kaolin.  China  Clay,  and  China  Stone  in  the  Museum  of 
Practical  Geology.    No.  I  represents  the  best  "hard  purple'*  grade  and  No.  11  the  poorest  "buff"  grade. 
'  Coulter.  L.  B..  Trans.  A.  C.  S.,  8,  p.  357. 
c  Not  determined. 

Coulter  found  that  when  Cornwall  stone  was  substituted  for 
feldspar  in  glazes,  keeping  the  chemical  formula  of  the  glaze  uni- 
form, the  Cornwall  stone  glazes  were  slightly  more  fusible  than 
the  feldspar  glazes.  This  was  probably  due  to  the  presence  of 
2  or  3  per  cent  of  fluorspar  in  Cornwall  stone,  a  point  apparently 
overlooked  by  Coulter.  He  also  found  that  Cornwall  stone  sub- 
stituted pound  for  pound  for  feldspar  gave  a  less  fusible  glaze. 
Ashley  claims  '^  that  the  following  mixture  can  be  substituted 
for  Cornwall  stone:  ii  per  cent  kaolin,  22  per  cent  quartz,  and 
67  per  cent  potash  feldspar. 

Over  75  000  tons  of  Cornwall  stone  are  quarried  in  England 
each  year,  35  600  of  which  are  exported.  It  is  brought  to  this 
country  as  ballast,  but  even  with  such  cheap  ocean  freight  rates 
costs  more  here  than  feldspar. 

Pegmatites,  coarse  granites  composed  of  mixtures  of  feldspar, 
quartz,  and  a  little  mica,  are  mined  in  Ein-ope  for  use  in  place  of 
feldspar.  This  material  corresponds  in  composition  to  the  No. 
2  feldspar  sold  in  this  country. 

3.  WHITE  MICA 

The  use  of  muscovite,  white  mica,  in  place  of  feldspar  has 
been  tried  by  Stull  in  an  experimental  way.'^  He  found  that 
when  finely  ground  this  material  acts  very  much  like  feldspar, 
but  that  it  is  more  refractory.  Owing  to  the  sheetlike  form  in 
which  mica  occurs,  it  is  very  difficult  to  grind  fine.  For  this  rea- 
son the  white  mica  occurring  with  feldspar  is  generally  broken  off 
and  discarded  before  the  feldspar  is  sent  to  the  mill. 


"Ashley,  H.  E.,  Trans.  A.  C.  S.,  12.  p.  438. 


"  Trans.  A.  C.  S.,  4,  p.  as 
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4.  CULLET 

Cullet,  scrap  glass,  is  sometimes  used  as  an  ingredient  of  enamels. 
The  only  kind  that  can  be  had  in  any  quantity  is  ordinary  lime- 
soda  glass  such  as  is  used  for  window  glass  and  cheap  bottles.  It 
produces  a  slightly  more  fusible  glass  than  the  same  amount  of 
feldspar.  It  is  difficult  to  get  a  supply  of  vmiform  composition 
or  of  approximate  freedom  from  dirt  and  coloring  matter.  The 
average  composition  corresponds  to  NejO,  CaO,  sSiOj,  the  raw 
batch  for  loo  pounds  of  such  a  mixture  being  25  pounds  of  soda 
ash,  24  poimds  whiting,  and  72  pounds  of  quartz.  It  is  safer  and 
more  economical  to  introduce  the  raw  ingredients  that  go  to 
make  glass  than  to  use  questionable  cullet. 

5.  QUARTZ  AND  OTHER  FORMS  OF  SILICA 

(a)  Occurrence  and  Properties  of  Silica  Minerals. — Quartz 
is  crystalline  silica,  Si02.  The  crystals  are  commonly  prismatic. 
The  luster  is  vitreous,  sometimes  greasy,  brilliant  to  nearly  dull. 
Quartz  has  a  conchoidal  fracture  like  glass.  The  color  varies 
widely;  commonly  it  is  colorless  or  white,  but  may  be  gray,  pink, 
red,  yellow,  amethyst,  green,  blue,  brown,  or  black.  Some  forms 
are  translucent,  while  others  are  opaque. 

Quartz,  which  occurs  in  massive  beds  of  quartzite  rock  or  silex, 
in  small  and  large  crystals  in  granites  and  many  other  igneous 
rocks,  is  the  chief  constituent  of  conunon  sand  and  sandstones, 
and  in  fine  grains  is  an  important  constituent  of  most  soils. 

Silica  also  occurs  in  amorphous  or  noncrystalline  form.  In  this 
form  it  is  translucent  with  a  waxy  to  dull  luster  and  varies  in 
color  from  colorless  or  white  to  yellow,  red,  and  dark  brown.  It 
breaks  with  a  conchoidal  fracture.  It  seems  to  have  been  deposited 
from  aqueous  solution  and  is  found  lining  or  filling  cavities  in 
rock  and  as  lenticular  masses  in  clay,  coal,  and  limestone  beds. 
Pebbles  of  it  are  common  in  the  chalk  deposits  of  England  and  in 
the  gravel  beds  on  the  coast  of  France,  Icelahd,  and  other  Evu-o- 
pean  countries.  The  conunon  forms  are  known  as  flint  or  chert. 
These  are  dark  colored  and  have  a  dull  luster. 

There  are  several  varieties  of  hydrated  oxide  of  silica.  These 
are  amorphous  and  the  amount  of  chemically  combined  water 
they  contain  varies.  Varieties  are  geyserite,  deposited  by  hot 
springs  or  geysers;  various  kinds  of  opal;  infusorial  earth,  also 
known  as  diatomaceous  earth  and  kieselguhr,  which  consists  of 
the  siliceous  casts  of  small  sea  plants. 
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Tripoli,  as  known  in  the  United  States,  is  the  residue  left  by 
the  solution  of  siliceous  sandstones.  It  is  generally  nearly  pure 
silica  of  very  fine  grain.  It  may  be  either  ciystalline  or  amor- 
phous.    When  pure  it  makes  an  excellent  form  of  flint. 

Free  silica  is  used  in  enamels  in  two  forms,  glassmakers'  sand 
and  potters'  flint.  Glass  sand  is  prepared  by  crushing  quartzite 
rock  or  nearly  pure  sandstone,  which  is  usually  calcined  to  facili- 
tate the  grinding.  In  a  few  places  a  nearly  pure  sand  is  used. 
The  crushed  sandstone  and  sand  are  commonly  washed  to  remove 
impurities.  A  good  glassmakers'  sand  will  run  over  99  per  cent 
silica  and  less  than  0.5  per  cent  iron  oxide. 

In  England  potters'  flint  is  prepared  from  flint  and  chert  pebbles 
occiuring  in  the  soft  limestone  or  chalk  beds  and  cliffs  that  are 
so  common  there.  When  calcined,  these  turn  to  a  pure  white, 
friable,  easily  ground  mass.  It  is  ground  wet  and  usually  deliv- 
ered in  a  thin  paste,  known  as  '  'slop  flint. "  In  this  country 
'  'flint "  is  prepared  by  dry  grinding  in  ball  or  tube  mills,  quartzite 
rock,  sandstone,  or  sand.  The  flint  prepared  in  this  way  is  not  as 
fine  grained  as  the  wet  ground  flint  of  England.  If  the  mills  are 
lined  with  wooden  blocks,  the  flint  is  liable  to  contain  splinters  of 
wood  and  will  not  be  as  fine  as  that  ground  the  same  length  of  time 
in  mills  lined  with  quartz  blocks. 

Infusorial  earth  is  generally  more  or  less  discolored  by  infil- 
trated mineral  or  organic  matter.  When  burned  it  should  become 
snowy  white.  It  is  the  lightest  form  of  silica  known,  because  of 
the  immense  araioimt  of  pore  space  and  the  thinness  of  the  casts. 
It  is  essentially  amorphous  and  therefore  more  ready  for  chemical 
attack  than  crystalline  forms.  This,  together  with  its  extreme 
fineness  and  large  surface  area,  renders  it  more  easily  incorporated 
into  a  melt  than  any  other  fonn  of  silica.  It  forms  an  ideal  sub- 
stitute for  flint. 

(6)  Effect  of  Siuca  in  Enamels. — Silica  is  used  in  enamels  in 
the  same  way  that  feldspars  are,  as  a  refractory  ingredient. 
Increase  of  silica  renders  the  enamel  less  fusible,  more  resistant  to 
chemical  attack  and  more  liable  to  chip.  Compared  with  feld- 
spar as  a  refractory,  silica  makes  less  opaque  enamels  and  seem- 
ingly more  brittle  ones;  that  is,  the  enamels  are  more  prone  to 
chip  and  craze.  For  making  groimd  coats,  glassmakers'  sand  is 
more  satisfactory  than  flint.  Some  German  authorities  even 
claim  that  too  fine  grinding  of  sand  or  flint  causes  '  'decay  "  of  the 
enamel,  although  they  do  not  explain  what  they  mean  by  the 
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term."  For  making  cover  enamels,  fine-ground  flint  is  better 
than  sand.  Complete  fusion  of  the  enamel  is  more  readily  obtained 
and  the  enamel  is  more  opaque.  When  sand  is  used,  the  unfused 
granules  show  up  in  the  finished  ware  as  small  white  specks.  These 
specks,  which  are  of  different  composition  than  the  bulk  of  the 
enamel,  form  centers  for  lines  of  stress  that  sometimes  result  in 
minute  crazes.  It  has  been  found  in  practice  that  the  temperatiu-e 
range  between  the  point  at  which  the  ground  coats  melt  and  that 
at  which  they  begin  to  volatilize  or  '  'bum  off"  is  greater  in  sand 
coats  than  in  flint  coats. 

(c)  Tests  of  Silica. — A  residue  of  2  per  cent  on  a  loo-mesh 
or  more  than  5  per  cent  on  a  1 20-mesh  sieve  should  not  be  found 
in  a  good  grade  of  flint.  In  composition  it  should  correspond  to 
good  glassmakers'  sand. 

The  chemical  tests  for  silica  are  very  simple.  It  is  insoluble  in 
all  acids  except  hydrofluoric.  A  small  quantity  of  finely  ground 
silicia  warmed  in  a  platinum  crucible  with  an  excess  of  hydro- 
fluoric acid  will  be  completely  volatilized  as  silicon-tetrafluoride 
(poisonous).  Methods  of  distinguishing  flint  from  the  other 
white  gritty  enameling  materials  have  been  given  under  feldspar. 

(d)  Substitution  of  Flint  for  Feldspar. — In  making  an 
enamel  of  given  fusibility  only  about  two-thirds  as  much  flint 
can  be  used  as  feldspar.  Although  flint  is  of  about  the  same 
price  as  feldspar,  its  use  as  a  substitute  raises  the  percentage  of 
expensive  fluxes  and  opacifiers  in  the  enamel  and  so  increases 
the  cost  per  pound  of  the  finished  enamel. 

Example:   Assume  in  an  enamel — 

600  pounds,  melted  fluxes  and  opacifier,  at  $0.08 $48.  00 

400  pounds  feldspar,  at  $0.005 2.  00 

1000  pounds 50.  00 

$i;o.oo    ^ 
-^^^=$0.05  per  pound. 

If  267  pounds  of  flint  arc  substituted  for  the  feldspar,  the  amounts  and  values 
are — 

600  pounds,  melted  fluxes  and  opacifier,  at  $0.08 $48.  00 

267  pounds  flint,  at  $0.005 '33 

867  pounds 49-33 

-^^=$0,057  per  pound. 

"  Gmnwald,  J.,  Raw  Materials  of  the  Enameling  Industry,  p.  17. 
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6.  CLAYS 

(o)  Origin  and  Classification. — Clays  are  more  or  less  heteroge- 
nous mixtures  of  minerals  containing  hydrated  silicate  of  alumina. 
Plastic  when  wet,  they  retain  shape  on  drying  and  bum  to  a  hard 
mass.  The  hydrated  silicate  of  alumina  that  is  the  basis  of  most 
clays  is  kaolinite,  ALOj,  aSiOj,  aHsO,'''  but  several  other  minerals 
containing  these  oxides  in  various  proportions  may  form  clays. 

All  clays  are  of  secondary  origin;  that  is,  formed  by  the  altera- 
tion of  other  rocks.  Clays  vary  in  composition  and  properties 
according  to  the  rocks  from  which  they  were  formed,  their  mode 
d  formation,  the  amoimt  and  method  of  transportation  under- 
gone, the  amount  of  contamination  during  transportation,  and 
the  conditions  to  which  they  have  been  subject  in  the  positions  in 
which  they  are  now  found." 

All  clays  originate  ultimately  from  igneous  rocks.  Most  clays 
have  been  formed  from  these  by  the  processes  called  weathering; 
the  combined  action  of  alterations  of  heat  and  cold,  freezing  and 
thawing,  attack  by  carbon  dioxide  (CO2)  and  other  gases  in  the 
air,  and  the  solvent  action  of  percolating  waters.  In  some  cases 
the  decomposition  has  been  due  to  the  action  of  gases  that  have 
penetrated  the  rock.  This  process  is  spoken  of  as  pneumatolysis. 
Cornwall  stone,  extensively  used  in  England,  seems  to  owe  its 
formation  to  the  action  of  gaseous  compounds  of  fluorine  on  feld- 
spar. As  a  general  thing  the  clays  formed  by  weathering  are  more 
plastic  than  those  formed  by  pneumatolysis. 

When  formed  from  igneous  rocks,  such  as  feldspar,  granites, 
etc.,  in  the  place  in  which  they  are  now  found,  clays  are  said  to 
be  primary.  If  formed  from  iron-free  rocks  and  not  contaminated  b}' 
iron-bearing  waters  after  formation,  they  will  be  white  binning. 
Some  white-burning  clays  owe  their  origin  to  iron-bearing  rocks, 
the  iron  having  been  removed  by  percolating  waters.  If  the 
mass  is  composed  of  only  partly  decomposed  rock,  it  is  known 
as  china  stone.  Such  material  is  not  plastic  enough  to  be  used 
for  the  purposes  for  which  clay  is  employed.  If  the  rock  is 
completely  decomposed,  the  material  is  known  as  kaolin.  Kaolins 
are  fairly  plastic  but  contain  a  large  amount  of  angular  fragments, 
fane  white  sand,  and  mica,  derived  from  the  parent  rock.  Kaolins 
are  therefore  always  washed  to  free  them  from  these  impurities 
before  they  come  on  the  market.     The  kaolins  of  this  coimtr\' 

**  Silica  (SiOa)  46.3  per  cent,  alumina  (AljOs)  39.8  per  cent,  water  (H3O)  13.9  per  cent, 
w  In  classification  of  clays  we  have  followed,  with  variations,  Edward  Orton,  jr.,  A  Chart  Showing  the 
Principal  Types  of  Clay  Deposits. 
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come  mostly  from  North  and  South  Carolina.  A  few  deposits  are 
being  opened  in  western  States. 

Clays  which  contain  iron  are  red  bimiing.  Partially  decomposed 
red-biUTiing  rock  has  no  value.  Entirely  decomposed  red-bimiing 
primary  clays  can  be  used  for  crude  products  only. 

When  clays  have  been  transported  after  formation  they  are 
called  secondary.  The  transportation  may  have  been  performed 
by  wind,  ice,  or  water.  Wind-blown  clays  are  known  as  loess. 
They  are  red  burning,  sandy,  not  very  plastic  and  therefore  not 
suitable  for  enameHng  or  other  high-grade  ceramic  work.  The 
clays  transported  by  ice  in  the  form  of  glaciers  contain  a  largp 
variety  of  sizes  and  kinds  of  mineral  impmities.  They  are  gener- 
ally high  in  lime  and  are  red  binning.  The  coarse-textured  varie- 
ties are  worthless  for  any  fine  ceramic  work.  Occasionally  deposits 
of  glacial  clay  have  been  reworked  by  water  and  second  deposi- 
tions made  of  very  fine-grained  clay.  These  are  often  very  fusible 
and  bum  to  a  dark  color.  Such  deposits,  known  as  slip  clays,  may 
be  used  in  making  colored  glazes  and  enamels.  Examples  are  the 
famous  Albany  sUp,  Rowley  slip,  Michigan  slip,  etc. 

The  clays  transported  by  water  may  have  been  deposited  from 
running  water  or  from  quiet  water.  Those  deposited  from  nm- 
ning  water  are  too  sandy  for  ceramic  products.  Those  deposited 
from  quiet  water  will  be  fine  grained  and  may  be  divided  into 
into  white  burning,  buff  burning,  and  red  burning. 

The  fine-grained,  white-burning  clays  are  divided  according  to 
plasticity  into  secondary  kaolins  and  ball  clays.  The  secondary 
kaolins  have  good  plasticity  and  are  quite  refractory,  not  vitrify- 
ing until  temperatures  aromid  1400°  C  (2550°  F)  are  reached. 
They  are  light  colored  in  the  raw  state  and  comparatively  free 
from  organic  and  oily  matter.  Examples  are  Georgia  kaolin  and 
Florida  kaolin.  The  ball  clays  are  of  extreme  plasticity  and 
vitrify  at  about  1250°  C  (2280°  F).  They  are  dark  colored  in  the 
raw  state,  and  frequently  contain  organic  and  oily  matter.  The 
ball  clays  mined  in  this  country  usually  come  from  Tennessee  and 
Kentucky.     Some  ball  clays  are  imported  from  England. 

The  buff-burning  clays  must  be  divided  into  two  classes,  calca- 
reous, buff-burning  clays,  and  fire  clays.  The  calcareous  clays  are 
high  in  both  iron  and  lime,  and  the  only  reason  they  burn  buff 
instead  of  red  is  that  the  lime  and  iron  form  a  combination  with 
the  other  constituents  of  the  clay  that  biuns  to  a  buff  color. 
They  are  fusible,  extremely  variable  in  composition,  and  can  be 
used  for  crude  products  only. 
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Fire  clays  are  low  in  iron  and  comparatively  low  in  other 
fluxes  and  consequently  fuse  at  high  temperatures  only.  They 
are  divided  according  to  physical  condition  into  flint  and  plastic 
fire  clays.  The  flint  clays  are  hard  and  rocklike  and  have  a  con- 
choidal  fracture.  They  become  slightly  plastic  only  after  weather- 
ing, or  long  continued  grinding  in  water.  According  to  fusibiUty 
they  are  divided  into  No.  i  flint  fire  clay  and  No.  2  flint  fire  clay. 
The  No.  I  clay  is  highly  refractory  and  valuable  for  making  fire- 
clay goods;  the  No.  2  clay  is  less  refractory  and  is  of  Uttle  value 
for  any  purpose.  The  plastic  fire  clays  are  soft  and  earthy  and 
have  good  plasticity.  They  may  or  may  not  contain  oily  and 
bituminous  matter.  According  to  fusibility  they  are  divided  into 
refractory  bond  clays  and  vitrifjring  or  No.  2  plastic  fire  clays. 
The  bond  clays  are  used  largely  as  a  binder  for  No.  i  flint  clay 
and  grog  in  making  fire-clay  goods.  Certain  grades  are  used  as 
floating  agents  in  enamels ;  in  other  words,  as  a  means  for  keeping 
ground  enamel  glass  in  suspension  in  water.  The  No.  2  plastic 
fire  clays  are  used  in  making  stoneware,  sewer  pipe,  buff  paving 
and  face  brick. 

The  fine-grained,  red-burning  secondary  clays  form  the  great 
bulk  of  clays  in  the  world.  According  to  structure  they  are 
divided  into  soft  clays,  or  simply  clays,  and  shales.  In  composi- 
tion the  various  deposits  vary  widely.  Usually  some  one  mineral 
component  dominates  the  behavior  of  the  clay  or  shale  in  burning 
and  furnishes  a  qualifying  adjective  for  its  identification.  Thus 
we  speak  of  ferruginous,  micaceous,  calcareous,  siliceous,  etc., 
shales  and  clays.  Any  deposits  of  these  shales  and  clays  may  or 
may  not  contain  oily  and  bituminous  matter.  For  the  jnost  part 
the  soft  clays  have  been  deposited  in  recent  times  in  lakes,  swamps, 
and  shallow  estuaries.  They  are  therefore  generally  of  small 
extent  and  apt  to  be  variable  in  composition.  The  shales,  on  the 
other  hand,  were  laid  down  in  the  beds  of  ancient  oceans  and  are 
of  vast  extent.  They  are  therefore  more  Uable  to  run  uniform  in 
composition,  especially  in  lateral  extension  of  the  various  layers. 
In  digging  vertically  through  a  shale  bed  we  often  find  abrupt 
changes  in  composition. 

It  happens  sometimes  that  clay  is  deposited  with  some  other 
mineral,  and  later  this  mineral  is  dissolved  away,  leaving  a  pocket 
of  residual  clay.     These  clays  are  very  variable  in  composition. 

(b)  Use  op  CIvAY  in  En.^mels. — Clay  may  be  used  in  enamels 
in  two  different  ways:  First,  as  a  refractory  ingredient  in  the 
glass;  second,  as  a  floating  agent  in  ground-coat  and  wet-coat 
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enamels.  The  use  of  a  clay  as  a  refractory  ingredient  would 
depend  first  on  an  ample  supply  of  uniform  quality.  Second,  if 
the  enamel  were  to  be  white  the  clay  must  be  white  burning  or 
buff  burning.  For  colored  enamels  an  iron-bearing  clay  would  be 
satisfactory.  Ample  supplies  of  uniform  quality  of  light-burning 
clays  can  be  had  among  the  primary  kaolins,  secondary  kaolins, 
ball  clays,  and  fire  cla)-s.  Among  red-btuning  clays  certain  strata 
of  shale  of  uniform  quality  extend  over  great  areas.  The  question 
is  really  only  one  of  quality  of  enamel  and  cost. 

As  far  as  quality  of  enamel  is  concerned,  compared  to  feldspar 
and  flint  as  a  refractor}^  clay  makes  a  more  opaque  enamel  and 
when  used  in  small  amounts  gives  an  equally  good  finish.  It  has  a 
decidedly  greater  effect  in  making  the  enamel  less  fusible,  and  for 
this  reason  with  a  given  amount  of  fluxing  ingredients  only  about 
half  as  much  clay  can  be  used  as  feldspar.  With  most  formulas 
the  enamel  becomes  dull  in  luster  when  clay  is  substituted  for 
feldspar  in  amounts  that  bring  in  over  lo  per  cent  of  clay  in  the 
enamel.  Since  by  substituting  clay  for  feldspar  in  the  proportion 
of  one  part  of  clay  to  two  of  feldspar  the  proportion  of  expen- 
sive fluxes  and  opacifiers  is  raised,  the  cost  per  poimd  of  the 
finished  enamel  is  increased.  In  feldspar  enamels  the  reduction 
that  can  be  made  in  the  amount  of  opacifier  due  to  the  presence 
of  the  clay  usually  does  not  compensate  for  this  increased  cost. 
In  high-flint  enamels  the  amoimt  of  clay  that  can  be  used  is  greater 
and  the  effect  of  clay  on  opacity  is  more  marked.  Clay  can  be 
used  to  advantage  in  such  enamels,  but  it  would  probably  be 
more  satisfactory  to  convert  the  enamel  into  the  feldspar  type 
and  avoid  the  use  of  clay,  and  of  flint,  as  much  as  possible. 

The  other  use  for  clay  in  enamels  is  as  a  floating  agent  for 
ground  coats  and  wet-cover  coats.  The  requirements  of  a  suita- 
ble clay  for  this  use  are  as  follows:  (i)  An  ample  supply  of  imi- 
form  quality;  (2)  for  white  enamels,  that  the  clay  be  white  or 
buff  burning;  (3)  high  plasticity;  (4)  freedom  from  granules  of 
carbonates,  sulphides,  and  sulphates;  (5)  freedom  from  discolor- 
ing particles ;  (6)  freedom  from  oily  matter. 

The  first  two  requirements  are  the  same  as  for  clays  to  be  used 
in  enamel  glass.  That  the  clay  be  highly  plastic  ("rich,"  "fat," 
"sticky")  is  desirable  in  order  that  as  little  of  it  as  possible  need 
be  used,  especially  in  cover  coats.  Raw  clay  tends  to  diminish 
the  luster  of  an  enamel  very  materially  if  the  amovmt  used  nms 
above  a  few  per  cent.  Carbonates,  sulphides,  and  sulphates  give 
off  gases  during  the  burning  of  the  enamel.     Large  bubbles  of 
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these  gases  cause  blisters  in  the  enamel.  If  the  oxide  left  behind 
is  calcium  oxide  or  magnesium  oxide,  the  granule  will  not  be 
taken  into  solution  in  the  short  heat  treatment  incident  to  baking 
the  enamel.  If,>  in  the  course  of  time,  moisture  works  through 
the  metal,  or  through  pinholes  or  crazes  in  the  enamel,  these 
oxides  will  hydrate  (in  the  same  manner  as  quick  lime)  and  swell, 
spalling  off  the  enamel  above  them. 

Particles  commonly  found  in  clays  that  may  cause  discolora- 
tion in  a  white  enamel,  if  the  clay  is  used  raw,  are  granules  of 
iron  sulphide  (FeS,,  iron  pyrites)  and  carbonate  (FeCOj)  roots, 
stems,  and  other  particles  of  vegetable  matter,  particles  of  coal, 
lignite,  and  other  forms  of  fossilized  carbonaceous  matter.  In 
addition  the  clay  may  be  contaminated  with  metallic,  mineral,  or 
carbonaceous  matter  during  the  processes  of  winning,  shipping, 
and  preparation.  Freedom  from  oily  matter  is  very  important. 
The  presence  of  this  in  a  clay  used  for  floating  enamel  makes  the 
enamel  "run"  or  slip  off  the  metal  in  a  very  erratic  maimer  when 
attempt  is  made  to  float  it  evenly  on  the  ware.  It  is  to  be  noted 
that  we  do  not  list  refractoriness  as  a  necessity  in  clays  for  this 
use.  The  only  reason  refractory  clays  are  commonly  used  is 
that  a  clay  that  is  pure  enough  to  meet  the  requirements  we  have 
listed  is  liable  to  be  found  only  in  the  nearly  pure  or  refractory 
classes  of  clays. 

These  various  requirements  reduce  the  clays  suitable  for  this 
purpose  to  a  very  few,  indeed.  The  first  two  exclude,  in  general, 
all  clays  except  kaolins,  ball  clays,  fire  clays,  and,  for  colored 
enamels  and  ground  coats,  shales.  The  third  excludes  all  but 
secondary  kaoUns,  ball  clays,  plastic  fire  clays,  and  plastic  shales. 
The  last  three  requirements  exclude  most  ball  clays  and  plastic 
fire  clays  and  shales.  This  leaves  as  available  secondary  kaolins, 
exceptional  ball  clays,  a  few  plastic  fire  clays,  and,  for  groimd  coats 
and  colored  enamels,  rare  shales.  Of  course  a  very  exceptional 
deposit  of  plastic  soft  clay  or  glacial  slip  clay  that  would  meet 
the  above  specifications  might  be  found,  but  it  is  not  probable. 
As  far  as  all  of  the  other  requirements  are  concerned,  the  sec- 
ondary kaolins  are  the  most  suitable  of  available  American  clays, 
but  unfortunately  they  are  not  sufficiently  plastic  to  meet  fully 
the  third  requirement. 

So  difficult  has  it  been  to  find  a  clay  entirely  suitable  for  floating 
enamels  that,  up  to  the  time  of  the  begiiming  of  the  European 
war,  only  a  few  clays  were  used  for  this  purpose.  These  were 
high-grade,   washed,   plastic   fire   clays   found   in   Germany   and 
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Austria  and  shipped  all  over  the  world.  The  most  famous  of 
these  was  the  Vallendar  clay  from  the  Coblentz  district  in  Ger- 
many. Since  that  time  several  American  clays  have  been  noted 
as  being  suitable.  Florida  kaolin,  Tennessee  ball  clay  (Porter 
No.  ii),  Kentucky  ball  clay,  washed,  plastic  kaolin  from  Anna, 
111., and  mixtures  of  these  have  all  been  used  commercially.  The 
only  objection  to  the  Florida  kaolin  is  that  it  is  not  quite  plastic 
enough. 

(c)  Purification  of  Ci^ays. — Any  clay  can  be  freed  from  coarse 
granules  of  impurities  by  washing.  This  consists  of  blimging 
the  clay  to  a  thin  slip,  allowing  the  granules  to  settle,  floating 
off  and  collecting  the  fine  particles.  When  large  quantities  of 
clay  are  to  be  washed  under  the  direction  of  a  trained  technical 
man,  the  floating  off  of  the  clay  particles  and  settling  of  impurities 
can  be  facilitated  by  the  use  of  chemicals."  Small  amoimts  of 
alkaUes — for  instance,  sodium-hydroxide — added  to  a  blimged 
slip  of  a  given  consistency  will  make  it  much  thinner.  In  this 
thin  slip  the  fine  clay  particles  will  float  and  the  coarser  impiuities 
and  larger  grains  of  clay  will  settle.  After  the  purified  shp  has 
been  tapped  off,  the  clay  can  be  made  to  settle  more  rapidly  by 
the  addition  of  a  small  amount  of  any  inorganic  acid,  such  as 
hydrochloric  acid.  This  peculiar  action  of  small  amounts  of 
chemical  reagents  on  clay  in  suspension  is  due  to  the  fact  that 
some  of  the  particles  of  clay  are  so  extremely  small  as  to  be  in 
what  is  called  the  colloidal  state.  Clay  particles  in  the  colloidal 
state  are  deflocculated,  that  is,  separated  into  individual  grains 
which  float  readily,  in  dilute  solutions  of  alkaline  salts,  and 
are  coagulated,  or  gathered  into  spongy  masses  which  tend  to 
settle,  in  dilute  solutions  of  acids.  The  addition  of  salts  in  the 
washing  of  clays  is  practicable  only  with  nearly  piu-e  clays.  With 
impure  clays  the  amounts  of  reagents  needed  are  so  large  that 
they  have  an  injurious  effect  on  the  plasticity  of  the  washed  clay. 

When  the  washing  is  done  in  the  enameling  plant,  it  is  not 
necessary  to  dry  the  clay.  The  amoimt  of  clay  in  a  given  volume 
of  slip  can  be  determined  by  drying  and  weighing  a  small  sample. 
Of  course  new  determinations  must  be  made  from  time  to  time 
on  account  of  imavoidable  evaporation  of  water  from  the  slip. 
It  is  necessary  to  stir  the  slip  to  imiform  consistency  before  taking 
each  sample  and  also  before  removing  any  slip  for  use.  Unless 
considerable  care  is  taken  to  secure  the  proper  weight  of  clay 
in  shp  form,  it  is  safer  to  dry  the  shp.     This  is  not  much  trouble 
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or  expense  in  a  factory  with  as  much  waste  heat  as  is  to  be  found 
in  the  usual  enameling  plant. 

In  European  enameling  plants  it  is  customary  to  soak  clay 
for  several  days  and  then  to  boil  it.  The  fermentation  dining  the 
soaking  and  boiling  does  away  with  a  good  deal  of  organic  and 
oily  matter  in  clay.  In  fact  a  considerable  amount  of  oily  matter, 
lignite,  particles  of  wood,  etc.,  can  be  skimmed  off  the  top  of 
the  boiling  suspension  with  many  clays.  This  is  especially  the 
case  with  ball  clays. 

By  careful  washing  and  pvnification  by  means  of  boiling,  many 
plastic  American  clays  can  be  made  suitable  for  floating  enamels. 
In  this  as  in  every  other  stage  of  manufactiure  the  tendency  of 
American  manufacturers  is  to  avoid  first  small  expense  and  pains- 
taking care.  The  result  is  that  some  plants  are  using  improperly 
prepared  clays  and  in  consequence  are  suffering  considerable 
loss  in  the  quality  of  their  finished  ware. 

n.  RAW  MATERIALS— FLUXES 
1.  CALCIUM  CARBONATE 

Carbonate  of  calcium,  CaCOj,  occurs  in  various  forms  and  is 
an  important  constituent  of  the  earth 's  crust.  It  occurs  as  Ume- 
stone,  marble,  chalk,  calcite,  marl,  and  dolomite.  The  prepared 
forms  of  calcium  carbonate  are  known  as  whiting,  Paris  white, 
English  cliff  stone,  etc.  With  the  exception  of  dolomite,  these 
are  all  the  same,  and  if  pure  yield  56  per  cent  calcium  oxide  and 
44  per  cent  carbon  dioxide  when  they  are  heated  to  bright  redness. 

Limestones,  of  the  nondolomitic  type,  nm  from  80  to  99  per 
cent  calcium  carbonate;  percentages  of  90  to  96  per  cent  are 
common.  They  are  liable  to  be  contaminated  with  clay  or  sihca. 
Some  are  badly  stained  by  iron  oxide.  Only  the  pm-est  forms 
should  be  used  in  making  whiting. 

Marble  is  crystalline  limestone.  It  is  generally  supposed  to 
be  limestone  that  has  been  metamorphosed,  hardened  and  caused 
to  crystaHze,  by  heat  and  pressure.  Its  purity  varies  as  much  as 
that  of  the  better  grades  of  limestone.  The  white  variety  is  the 
only  kind  suitable  for  ceramic  work.  It  is  no  more  valuable  for 
this  use  than  a  pure  grade  of  limestone. 

ChaUc  is  formed  from  the  shells  of  microscopic  animals.  It  is 
soft  and  amorphous,  easily  pulverized,  and  generally  very  fine 
grained. 
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Marl  is  a  soft  mudlike  chalk  formed  in  fresh  water.  If  dried 
and  pulverized  it  makes  a  form  of  calcium  carbonate  very  readily 
taken  into  solution  in  glassy  magmas  on  account  of  its  soft 
amorphous  structure. 

Calcite,  or  calcspar,  as  it  is  sometimes  called,  is  a  crystalline 
form  of  calcium  carbonate,  which  differs  from  marble  in  that  it  is 
transparent.  It  may  contain  several  per  cent  of  impurities,  and 
is  no  more  valuable  for  ceramic  work  than  limestone  of  equal 
purity. 

Paris  white  was  originally,  and  in  England  is  still,  a  washed 
and  purified  form  of  chalk.  English  cliff  stone  and  whiting  were 
other  grades  of  chalk.  In  America,  at  the  present  time,  practi- 
cally all  whiting  is  made  from  ground  limestone.  The  ground 
product  is  separated  according  to  fineness  of  grain  into  the  follow- 
ing grades,  the  coarsest  grained  being  named  first:  Paris  white, 
commercial  whiting,  American  Paris  white,  English  cliff  stone 
Paris  white.  Special  potters  whiting  is  groimd  limestone  of  no 
standard  fineness  and  varies  with  each  manufacturer. 

Calcium  carbonate  is  always  used  in  the  pulverized  form,  whit- 
ing, in  enamels.  It  is  a  high-temperature  flux;  that  is,  it  does  not 
exert  its  fluxing  action  except  at  high  temperatures.  It  is  refrac- 
torj'  in  comparison  with  the  fluxes  used  in  making  enamels.  It 
really  affects  the  fusibility  of  the  enamel  but  little  and  can  be  used 
in  amounts  up  to  5  per  cent  simply  to  make  bulk.  Its  use  for  this 
purpose  is  dangerous,  however,  for  if  on  application  to  the  metal 
the  enamel  is  heated  quite  hot,  the  lime  may  begin  to  exert  its 
fluxing  action.  When  it  does  begin  to  act  as  a  flux,  its  action  is 
very  severe  and  may  make  the  enamel  on  the  hot  pieces  a  great 
deal  more  fluid  and  difficult  to  manage  during  the  enameling 
operations  than  that  on  the  pieces  not  heated  so  strongly.  Such 
erratic  behavior  is  pretty  sure  to  produce  disastrous  results. 

Calcium  carbonate  is  added  to  some  antimony-bearing  enamels 
for  the  sake  of  the  effect  it  has  on  opacity  and  color.  This  will 
be  discussed  later,  but  we  may  say  here  that  a  certain  calcium 
content  seems  to  be  desirable  in  producing  opaque  white  enamels 
with  the  use  of  antimony  compounds  and  opacifiers. 

Enamels  high  in  any  calcium  compound  seem  to  be  lacking  in 
strength  and  elasticity.  The  range  of  workable  conditions  is 
greatly  narrowed.  With  a  slight  variation  of  composition  of 
enamel,  character  of  castings,  or  heat  treatment,  either  crazing 
or  chipping  will  result.  The  workmen  commonly  describe  such 
an  enamel  by  the  word  '  'rotten. "     Calcium  oxide,  as  compared 
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with  lead  oxide,  makes  enamels  less  ductile  when  hot  and  less 
flexible  when  cold. 

Whitmg  should  be  nearly  pure  white  in  color  and  groimd  so  fine 
that  no  grit  can  be  felt  with  the  fingers.  It  should  not  leave  a 
residue  of  more  than  5  per  cent  when  dissolved  in  dilute  hydro- 
chloric acid.  The  solution  will  take  place  with  violent  efi^erves- 
cence  of  colorless  and  ordorless  carbon  dioxide  gas  CO  2.  (Test  for 
carbonates.)  The  impurities  are  usually  clay  and  sand,  but  some- 
times calium  sulphate  is  present.  This  is  a  very  objectionable 
impurity  since  it  produces  blisters  in  the  enamel;  whiting  con- 
tainning  it  should  not  be  used. 

2.  BDILDING  LIME 

It  is  possible  to  use  a  pure  grade  of  building  lime  (calcium  oxide, 
CaO)  in  place  of  whiting.  This  practice  is  quite  common  in 
glass  making.  The  chief  objections  to  this  are  the  fact  that 
there  is  discomfort  attending  the  handling  of  quicklime,  and  the 
fact  that  lime,  if  allowed  to  stand,  takes  up  water  from  the  at- 
mosphere, and  slakes.  Thus  it  is  difficult  to  be  sure  that  a  uniform 
amount  of  Hme,  the  ingredient  that  is  stable  in  the  fire,  is  added 
(Ca  (OH)  2  -h  heat  =  CaO  -I-  H^O  (steam) ) .  This  difficulty  could  not 
be  obviated  by  using  slaked  lime,  for  slaked  lime  takes  up  carbonic 
acid  gas  from  the  atmosphere,  turning  to  calcium  carbonate. 
Unless  the  lime  can  be  had  fresh  from  limekilns  as  it  is  to  be 
used,  it  is  safer  to  use  some  form  of  whiting.  Of  course  building 
lime  acts  in  the  same  way  in  enamels  as  whiting,  since  both 
yield  calcium  oxide  upon  heating. 

Building  lime  should  correspond  in  purity  to  whiting.  It  is  a 
white  powder  that  slakes  with  considerable  heat  when  put  in 
water.     It  has  a  characteristic  caustic  taste. 

3.  DOLOMITE 

Dolomite  is  a  very  common  form  of  limestone  found  in  numerous 
places.  When  pure  it  contains  56  per  cent  calcium  carbonate 
and  44  per  cent  magnesium  carbonate.  When  heated  to  redness 
it  gives  53.4  per  cent  calcium  and  magnesium  oxides  and  46.6 
per  cent  carbon  dioxide  gas.  Like  high-calcium  limestone,  many 
dolomites  contain  clay  and  siUca  as  chief  impurities  and  frequently 
are  stained  by  iron  oxide. 

Dolomitic  whiting  begins  to  act  as  a  flux  at  a  slightly  lower  tem- 
perature than  high-calcium  whiting,  and  its  fluxing  action  pro- 
ceeds at  a  more  regular  rate.     It  is,  therefore,  more  satisfactory 
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for  use  as  a  flux  than  high-calcium  whiting,  but  is  not  as  commonly 
used.  In  making  common  lime-soda  glass,  such  as  is  used  for 
window  glass  and  cheap  bottles,  it  has  been  found  that  the  use  of 
dolomitic  limestone  and  lime  gives  glass  that  is  not  so  liable  to 
be  devitrified  (rendered  dull  by  minute  crystals)  as  high-calcium 
limestone  and  lime.  This  is  due  to  the  fact  that  when  dolomitic 
limestone  is  used  in  place  of  high-calcium  Hmestone,  the  percentage 
of  calcium  compounds  in  the  glass  is  not  so  high,  therefore  they 
are  not  so  liable  to  be  thrown  out  of  solution  as  crystals. 

The  action  of  dolomite  in  enamels  is  similar  to  that  of  high- 
calcium  limestones.     It  is  seldom  used. 

Dolomitic  whiting  should  correspond  to  high-calcium  whiting 
in  fineness  of  grinding  and  purity.  It  will  give  all  the  tests  for 
calcium  carbonate  and  in  addition  a  strong  test  for  magnesium. 

4.  MAGNESIUM  CARBONATE 

Magnesium  carbonate,  MgCOj,  was  formerly  imported  into 
this  country  from  Austria.  It  is  now  mined  on  a  large  scale  in 
CaUfomia.  The  ore  is  called  magnesite  and  is  extensively  used 
for  making  highly  refractory  brick,  magnesite  brick,  and  for 
making  pipe  covering  and  other  forms  of  heat  insulators.  As 
it  comes  to  enamel  makers,  magnesium  carbonate  is  a  pure  white, 
exceedingly  Hght,  fluffy  material,  hard  to  manage  in  the  raw 
enamel  batch.  On  heating  to  redness  it  gives  48  per  cent  magne- 
sium oxide  (MgO)  and  52  per  cent  carbon  dioxide  gas,  CO2.  It  is 
generally  quite  pure. 

The  action  of  magnesium  carbonate  in  enamels  is  similar  to 
that  of  calcium  carbonate.  It  acts  as  a  refractory  imtil  high 
temperatures  are  reached;  it  then  acts  as  a  flux  but  not  so  violently 
as  calcium  carbonate.  It  is  recommended  in  old  enamel  receipts 
for  stopping  crazing.  This  is  due  to  its  refractory  nature  at  low 
temper atvu-es.  There  is  no  advantage  in  using  magnesium  car- 
bonate in  well  proportioned  enamel  formulas. 

5.  BARIUM  CARBONATE  AND  HYDROXIDE 

Barium  carbonate,  BaCOg,  is  available  in  au  impure  form  as 
the  natural  mineral,  witherite,  and  in  a  pure  artificial  form  as 
precipitated  barium  carbonate.  The  latter  form  is  the  one  used 
by  enamel  makers.  On  heating  to  bright  redness  barium  car- 
bonate gives  77.7  per  cent  barium  oxide,  BaO,  and  22.3  per  cent 
carbon  dioxide  gas  COj. 
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Barium  hydroxide,  Ba(0H)2,  can  be  used  in  place  of  the  car- 
bonate if  the  price  per  unit  of  barium  oxide  is  not  greater.  Tliis 
chemical,  when  heated,  yields  89.5  per  cent  oxide,  and  10.5  per 
cent  water. 

The  starting  point  in  the  manufacture  of  barium  carbonate, 
as  of  all  other  manufactured  barium  chemicals,  is  barium  sul- 
phate or  barytes.^'  Of  this  mineral  over  100  000  tons  a  year  are 
mined  in  the  United  States.  Before  1 914  all  manufactured  barium 
chemicals  were  imported.  In  191 5  over  9000  tons  of  these  were 
made  in  this  country. 

In  making  barium  carbonate  the  sulphate  is  reduced  to  sul- 
phide by  heating  it  with  coal  and  a  little  common  salt.  The  soluble 
sulphide  is  extracted  with  hot  water  and  barimn  carbonate  pre- 
cipitated by  adding  sodium  carbonate.  Sodium  sulphide,  a 
marketable  commodity,  is  obtained  as  a  by-product.'" 

Precipitated  barium  carbonate  can  be  made  also  by  pouring  a 
solution  of  barium  chloride  into  an  excess  of  a  hot  solution  of 
ammonium  carbonate.^" 

Precipitated  barium  carbonate  is  a  dense  cream-white  powder. 
It  is  almost  insoluble  in  water,  but  dissolves  readily,  with  effer- 
vescence of  carbon  dioxide,  in  hydrochloric  acid.  Its  melting 
point  is  980°  C  (1796°  F).  It  is  liable  to  contain  sulphur  com- 
pounds, and  in  that  made  by  the  last  described  process  chloride 
may  be  present. 

Barium  hydroxide  occurs  as  a  white  powder,  which  is  slightly 
soluble  in  cold  water  and  very  soluble  in  hot  water.  The  solution 
is  strongly  alkaline.  Barium  hydroxide  prepared  by  dry  methods 
conforms  to  the  formula,  Ba(0H)2,  89.5  per  cent  BaO  and  10.5 
per  cent  HjO,  but  that  prepared  in  the  wet  way  usually  has  the 
formula,  Ba(OH)2.8H20,  which  gives  48.6  per  cent  BaO  and  51.4 
per  cent  HjO.     It  may  contain  sulphiu:  or  chlorine  compounds. 

Barimn  oxide  is  a  powerful  flux  in  enamels.  In  moderate 
amounts  it  produces  enamels  with  especially  high  luster;  larger 
amounts  produce  a  greasy  finish.  If  used  in  too  large  amounts, 
the  compoimds  formed  by  it  with  other  elements  are  prone  to 
separate  out  in  minute  crystals  and  so  give  dull  finish  to  the 
enamels.  This  is  especially  likely  to  happen  if  the  enamel  is  also 
high  in  calcium  oxide.     Barium  oxide  may  be  used  in  amoimts 

"Some  enamel  makers  call  barium  carbonate  "barytes."    This  is  both  incorrect  and  dangerous,  for  if 
the  error  should  lead  to  the  introduction  of  bariiun  sulphate  into  the  enamel,  the  latter  would  be  mined. 
"  Mineral  Resources  of  the  United  States,  1915.    Barium. 
"  Roscoe  and  Schorlemmer,  Chemistry,  2,  p.  66s. 
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up  to  8  per  cent  of  the  melted  weight  of  the  enamel,-^  depending 
on  the  composition  as  a  whole.  It  is  similar  to  lead  oxide  in 
increasing  the  density,  brilliance,  and  coefficient  of  expansion  of 
enamels,  but  gives  enamels  of  less  strength  and  elasticity  than 
those  made  with  lead  oxide. 

6.  SODA  ASH 

Soda  ash  (NajCOj)  is  made  in  this  country  by  three  methods, 
the  Leblanc,  the  ammonia,  and  the  cryoUte  processes.  In  the 
first  two,  common  salt  is  the  raw  material;  in  the  last,  cryolite. 

(a)  Leblanc  Soda  Process. — ^The  oldest  method  of  making 
soda  ash  on  a  commercial  scale  was  devised  by  Nicolas  Leblanc 
in  France  about  1791.  Common  salt  is  heated  with  sulphuric 
acid  and  converted  to  salt  cake,  sodium  sulphate  (Na^SOJ. 
By  heating  a  mixture  of  salt  cake,  ground  limestone,  and  powdered 
coal,  and  leaching  the  resultant  mass,  an  impure  solution  of 
sodium  carbonate  is  secured.  This  is  evaporated  and  the  residue 
calcined  to  produce  cream-colored  or  Ught-brown  soda  ash.  This 
is  purified  by  resolution,  treatment  with  bleaching  powder, 
decantation,  evaporation,  and  calcination. 

Good  Leblanc  soda  ash  is  white  or  pale  yellow.  It  contains 
usually  other  salts  of  soda,  such  as  a  little  caustic  soda,  traces 
of  sulphides  and  sulphates,  some  chloride  and  sulphate,  and  not 
more  than  i  per  cent  of  insoluble  matter. 

(6)  Ammonia  Soda  Process. — More  than  one-half  the  soda 
ash  used  in  the  world  is  made  by  the  ammonia  soda  process. 
This  is  sometimes  known  as  the  Solvay  process  because  Ernest 
Solvay,  a  Belgian,  was  highly  instrumental  in  putting  it  on  a 
commercial  basis  about  1865,  although  it  had  been  discovered  by 
others  30  years  before  that  time.  Its  chief  advantage  lies  in  the 
purity  of  the  product. 

Ammonia  vapor  is  led  into  very  concentrated  salt  solution, 
which  has  been  purified  from  iron,  silica,  magnesia,  etc.  Carbon 
dioxide  is  allowed  to  bubble  up  through  the  solution,  and  sodium 
bicarbonate  is  precipitated,  since  it  is  not  soluble  in  cold  ammo- 
niacal  salt  solution.  The  precipitated  sodium  bicarbonate  is 
filtered,  washed  Avith  water  to  remove  as  much  of  the  sodium  and 
ammonium  chlorides  as  possible,  and  is  then  calcined  to  obtain 
anhydrous  sodium  carbonate,  which  may  contain  a  Httle  chloride 
as  impurity. 

"  The  use  of  larger  amounts,  as  suggested  by  F.  H.  Riddle  (Trans.  A.  C.  S.,  9,  p.  659),  is  not  common  in 
factory  practice. 
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(c)  Cryolite  Soda  Process. — Soda  ash  is  made  from  cryolite 
according  to  a  process  used  by  one  firm  in  this  country.  The 
raw  material  is  a  double  fluoride  of  sodium  and  aluminum.  The 
only  deposit  of  any  importance  known  at  present  is  in  southern 
Greenland.  The  ground  cryolite  is  mixed  with  powdered  lime- 
stone and  calcined  at  red  heat.  The  residue  is  lixiviated  with 
water,  a  solution  of  sodium  aluminate  being  formed  and  insoluble 
calcium  fluoride  being  left.  The  sodium  aluminate  solution  is 
filtered  off  and  impregnated  with  carbon  dioxide  gas.  Hydrated 
alumina  is  precipitated  and  sodium  carbonate  remains  in  solution. 
The  solution  is  evaporated  and  calcined,  a  high  grade  of  soda  ash 
being  obtained. 

(d)  Properties  and  Effect  of  Soda  Ash  in  Enamels. — Soda 
ash  is  a  white  granular  powder  with  an  alkaline  reaction  and  taste. 
It  is  slightly  hygroscopic  and  so  is  inclined  to  form  hard  lumps  if 
stored  in  a  damp  place.  It  dissolves  readily  in  both  hot  and  cold 
water  with  evolution  of  heat  to  form  a  strongly  alkaline  solution. 
It  gives  a  violent  effervescence  of  carbon  dioxide  gas  when  dis- 
solved in  dilute  acids.  It  melts  at  850°  C  (1562°  F)  and  in  the 
smelting  tank  yields  58  per  cent  sodium  oxide  (NajO)  and  42  per 
cent  carbon  dioxide  gas.  Sodium  oxide  is  a  powerful  flux  in 
enamels,  being  equal  pound  for  pound  to  lead  oxide.  Compared 
to  lead  oxide  it  makes  enamels  that  are  more  liable  to  craze  or 
shiver  but  which  have  a  harder  surface.  Sodium  oxide  has  a  very 
decided  effect  in  increasing  the  coefficient  of  expansion  of  enamels, 
and  likewise  in  decreasing  their  strength  and  elasticity. 

Compared  to  potash  it  gives  enamels  that  are  less  brilliant  but 
which  remain  soft  or  ductile  for  a  longer  time  after  being  melted. 
When  used  in  large  amounts  it  gives  dull-finish  enamels,  due  to  the 
separation  in  crystalline  form  of  sodium  compounds.  The  amount 
of  sodium  oxide  that  can  be  introduced  as  soda  ash  depends  on  the 
amount  of  other  sodium  salts  used.  In  general  the  total  amount 
of  free  sodium  oxide  (not  present  in  feldspar  or  cryolite)  should 
not  exceed  10  per  cent  of  the  melted  weight  of  the  enamel. 

(e)  Hydrated  Sodium  Carbonate. — Soda  crystals  or  sal  soda 
(NajCOs,  10H2O)  is  made  by  dissolving  soda  ash  in  hot  water, 
allowing  all  impurities  to  settle,  drawing  off  the  clarified  liquor, 
and  allowing  the  sodium  carbonate  to  crystallize.  The  crystals 
are  nearly  pure  but  quite  bulky  for  the  weight  of  NajCOj,  as  they 
contain  63  per  cent  water  of  crystallization.  It  takes  2.7  pounds 
to  equal  i  pound  of  soda  ash.  The  action  of  the  sodium  oxide 
derived  from  the  hydrated  carbonate  is  the  same  as  that  from  soda 
ash. 
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7.  SODIUM  NITRATE 

Sodium  nitrate,  Chile  saltpeter,  NaNOj,  is  found  in  large  quan- 
tities in  desert  regions  near  the  eastern  border  of  Chili.  The  de- 
posit averages  about  5  feet  in  depth,  2  miles  in  width,  and  is  over 
200  miles  long.  The  crude  nitrate,  which  contains  20  to  60  per 
cent  NaNOj,  lies  near  the  surface  and  is  usually  covered  by  rock 
debris  cemented  together  by  gypsum  and  salt.  The  ore  is  boiled 
with  water,  and  the  solution  is  run  off  and  allowed  to  crystalhze. 
The  crystals  are  raked  into  piles  and  allowed  to  drain  or  are  put 
through  a  centrifuge.  They  are  then  allowed  to  dry  in  the  sun, 
bagged  and  shipped  as  crude  Chile  saltpeter,  containing  94  to  98 
per  cent  NaNOs. 

Crude  sodium  nitrate  is  colored  cream  or  brown  by  mud  and 
other  impurities.  At  one  time  a  certain  factory  received  a  ship- 
ment of  several  carloads  which  contained  balls  of  organic  matter 
about  three-fourth  inch  in  diameter.  These  balls  were  a  deep 
indigo  blue  in  color,  and  the  color  from  these  stained  the  sur- 
rounding niter.  Enamel  made  from  this  niter  was  of  a  blue  cast. 
The  importers  of  the  niter  were  unable  to  explain  the  origin  of  this 
discoloring  matter.  They  recrystallized  this  niter,  and  although 
the  purified  salt  had  a  light  blue  cast  it  did  not  discolor  the  enamel. 

(o)  Purification  of  Niter. — Refined  nitrate  of  soda  usually 
costs  about  $40  a  top  more  than  the  crude.  The  recrystallization 
is  really  a  very  simple  process,  and  a  quality  suitable  for  enameling 
purposes  can  be  prepared  at  comparatively  small  expense.  All 
that  in  necessary  is  a  tank  for  boiling  the  niter  and  a  couple  of 
tanks  for  cooling  and  crystallization.  For  small  production, 
scrap  enameled  iron  bathtubs  make  satisfactory  tanks.  The 
crystallizing  tanks  should  be  provided  with  crosspieces  from  which 
thin  iron  rods  extend  down  into  the  solution.  The  largest  and 
purest  crystals  grow  on  these  rods.  The  crude  niter  is  boiled  with 
water  in  the  boiling  tank,  and  the  solution  allowed  to  stand  until 
the  mud  and  other  dirt  have  settled  close  to  the  bottom.  The 
clear  supernatant  solution,  which  will  be  still  warm,  is  then  tapped 
off  into  the  crystalUzation  tanks.  The  crystals  which  form  on  the 
rods  and  sides  of  these  tanks  as  the  solution  cools  are  dried  and 
used  as  refined  niter.  The  fine  crystals  in  the  bottom  of  the  tank, 
which  will  usually  be  discolored  by  dirt,  and  the  remaining  liquor 
are  returned  to  the  boihng  tank.  More  water  and  crude  niter  are 
added  and  the  process  is  repeated. 
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After  a  while  the  residue  in  the  tank  will  be  so  great  as  to  inter- 
fere with  securing  a  large  yield  of  clean  niter.  It  is  then  boiled 
three  times  with  water,  without  the  addition  of  crude  niter,  and 
the  final  residue  is  thrown  away.  Using  one  scrap  enameled  iron 
bathtub  as  a  boiling  tank  and  two  as  crystallization  tanks,  the 
author  was  able  to  refine  looo  pounds  of  crude  nitrate  of  soda  per 
day  with  the  labor  of  one  man  working  half  time  on  that  job. 
The  fuel  for  boiling  the  niter  solution  cost  50  cents  per  day,  and 
the  drying  was  done  with  waste  heat.  The  total  cost  did  not 
reach  $5  per  ton. 

The  amount  of  insoluble  impimties  in  crude  nitrate  of  soda 
should  not  exceed  5  per  cent.  RecrystalUzation  of  this  crude 
nitrate  to  entirely  soluble  nitrate  is  recommended.  This  refined 
nitrate  is  liable  to  contain  small  amounts  of  chloride  and  sul- 
phate of  sodium,  but  generally  the  percentage  will  be  so  small  as 
to  be  negligible.  Nitrate  of  soda  is  slightly  deliquescent;  that  is, 
takes  up  water  from  the  air  and  becomes  damp.  Therefore  it  is 
unpleasant  to  handle,  and  in  working  to  exact  chemical  composi- 
tion ,  allowance  must  be  made  for  the  moisture.  With  the  amoimts 
of  nitrate  of  soda  ordinarily  used  in  enamel  batches,  2  to  3  per 
cent,  this  moisture  is  of  no  importance. 

(6)  Effect  of  Soditjm  Nitrate  in  Enamel,s. — In  the  smelting 
tank  sodium  nitrate  yields  36.5  per  cent  sodium  oxide  and  63.5 
per  cent  of  a  group  of  oxidizing  gases.  The  sodium  oxide  acts 
in  the  same  way  as  sodiiun  oxide  from  other  salts.  The  oxidizing 
gases  prevent 'the  reduction  of  lead,  tin,  and  other  metallic  oxides 
to  the  state  of  metal  during  the  smelting  process.  The  amount 
of  nitrate  it  is  necessary  to  use  depends  on  the  composition  of  the 
melt  and  the  condition  of  the  fire  in  the  smelting  tank.  Ordinar- 
ily 2  or  3  per  cent  of  the  raw  batch  of  enamel  is  nitrate  of  soda. 
In  oxide  of  antimony  enamels  the  percentage  of  sodium  nitrate 
used  is  about  double  this. 

8.  POTASSIUM  CARBONATE  AND  NITRATE 

Potassium  carbonate  is  made  from  potassium  chloride  by  the 
Leblanc  process,  in  the  same  way  as  soda  ash  is  made  from  sodium 
chloride.  The  ammonia  process  can  not  be  used,  since  potassivmi 
bicarbonate  is  soluble  in  ammoniacal  solutions  of  KCI  and  does 
not  precipitate.  There  are  few  known  deposits  of  potassium  salts 
of  importance  in  the  world.  The  immense  one  at  Stassfurt,  Ger- 
many, is  the  most  prominent.  Up  to  the  breaking  out  of  the 
European  war  this  was  the  source  of  practically  all  potassium 
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salts.  Recently  the  production  of  potassium  salts  from  the  ashes 
of  seaweeds  found  in  the  Pacific  Ocean,  from  certain  lake  brines, 
and  from  the  flue  dust  of  cement  works  and  blast  furnaces  has 
become  actually  or  potentially  important.  Small  amounts  of 
potassium  carbonate  and  other  potassium  salts  are  obtained  from 
wood  ashes,  residues  from  beet-sugar  molasses  manufacture, 
and  from  wool  scourings. 

Potassium  carbonate  occurs  as  a  white  granular  powder,  which 
has  a  strongly  alkaline  reaction  and  a  salty  and  slightly  caustic 
taste.  It  is  extremely  hygroscopic  and  when  exposed  to  the  air 
soon  forms  an  oily  liquid.  It  is  very  soluble  in  both  cold  and  hot 
water.  Potassium  chloride  is  a  common  impurity.  The  melting 
point  of  potassium  carbonate  is  880° C  (1615°  F).  When  heated 
to  red  heat  it  gives  68  per  cent  potassium  oxide,  KjO,  and  32  per 
cent  carbon  dioxide  gas,  COj. 

The  action  of  potassium  oxide  in  enamels  is  similar  to  that  of 
sodium  oxide.  It  increases  the  coefficient  of  expansion,  and  de- 
creases strength  and  elasticity.  On  account  of  the  last  two 
properties  it  tends  to  produce  brittle  enamels  that  have  not  a  wide 
range  of  "fit"  on  the  castings.  Therefore  enamels  high  in  potas- 
sium oxide  tend  to  craze  or  shiver,  according  to  conditions.  Com- 
pared to  sodium  oxide  it  produces  enamels  of  a  harder  and  more 
brilliant  surface.  Owing  to  the  great  difference  in  cost  potassium 
carbonate  has  been  almost  entirely  replaced  in  enamel  making 
by  soda  ash. 

Potassium  nitrate  is  made  by  treating  hot  concentrated  solu- 
tions of  potassium  chloride  with  sodium  nitrate. 

NaNOa  +  KCl  =  NaCl  +  KNO, 

As  the  solution  cools,  the  sodium  chloride,  being  less  soluble 
than  the  potassium  nitrate,  separates  in  crystals;  first  and  as 
much  as  possible  is  "fished"  out.  The  nitrate  then  crystallizes 
and  is  washed  and  recrystallized  to  free  it  from  salt.  If  it  con- 
tains any  magnesium  chloride,  it  will  become  wet  on  exposure  to 
the  atmosphere,  since  magnesium  chloride  is  deliquescent.  How- 
ever, the  presence  of  this  impurity  is  rare.  In  the  melting  tank  it 
yields  46.6  per  cent  potassium  oxide  and  53.4  per  cent  of  oxidizing 
gases. 

The  action  of  potassium  nitrate  is  similar  to  that  of  sodium 
nitrate  and  for  the  sake  of  economy  has  been  replaced  quite  gen- 
erally by  sodium  nitrate.  Owing  to  the  fact  that  it  seldom  be- 
comes damp  on  exposure  to  air,  it  is  still  preferred  by  some  enamel 
mixers  to  sodium  nitrate. 
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9.  LEAD  COMPOUNDS 

(a)  Red  Lead. — Red  lead,  Pb304,  also  known  as  minium,  is 
made  by  oxidizing  metallic  lead.  Ordinarily  it  is  made  in  two 
steps.  In  the  first  step  the  lead  is  made  into  massicot,  PbO,  by 
heating  in  a  reverberatory  furnace  to  just  above  the  melting  point 
of  lead,  but  below  the  melting  point  of  massicot.  The  crude 
massicot  is  raked  off  and  cooled.  It  is  yellow  in  color  and  much 
of  it  contains  particles  of  metallic  lead.  It  is  finely  ground, 
levigated,  and  then  heated  with  frequent  stirring  to  a  dull  red  heat 
in  a  reverberatory  or  muffle  furnace  with  ample  access  of  air. 
In  about  48  hours  enough  of  the  lead  oxide  has  been  converted 
to  red  lead  to  give  the  color  demanded  by  the  trade.  On  heating 
it  breaks  down  to  98  per  cent  lead  oxide  and  2  per  cent  oxygen. 
Red  lead  may  be  adulterated  with  red  iron  ore,  barium  sulphate, 
and  even  brick  dust.  Red  lead  will  be  completely  dissolved  in 
warm  dilute  nitric  acid  to  which  a  little  sugar  has  been  added. 
The  impurities  named  will  remain  undissolved. 

(6)  Litharge  and  Massicot. — Litharge  and  massicot  are 
chemically  the  same,  both  being  lead  oxide,  PbO ;  but  they  differ 
physically  and  in  their  method  of  preparation.  Litharge  is  bright 
yellow  and  is  prepared  by  oxidizing  metallic  lead  at  temperatures 
at  which  the  PbO  formed  melts.  Massicot  is  lighter  yellow  and 
is  made  by  oxidizing  metallic  lead  at  temperatures  below  the 
melting  point  of  lead  oxide.  Litharge  is  simply  melted  massicot. 
Both  these  forms  of  lead  oxide  are  liable  to  contain  particles  of 
metalUc  lead  unless  carefully  levigated. 

(c)  White  Lead. — White  lead  is  a  basic  carbonate  of  lead, 
the  theoretical  formula  being  2PbC03.Pb(OH)2;  but  the  propor- 
tions of  carbonate  and  hydroxide  vary  widely  in  commercial 
brands  of  white  lead.  This  chemical  is  made  by  three  processes, 
the  Dutch,  the  German,  and  the  French. 

In  the  Dutch  process,  earthenware  pots  which  are  about  8  inches 
high  and  each  of  which  contains  a  shelf  are  used.  In  the  bottom 
of  the  pot  is  placed  a  small  amount  of  acetic  acid  and  on  the  shelf 
a  coil  of  thin  sheet  lead.  In  filling  a  shed  or  "stack"  there  is 
first  put  in  a  layer  of  moist  tanbark,  then  a  layer  of  pots,  and  next 
a  layer  of  large  lead  gratings.  About  6  inches  above  this  a  floor 
is  laid  in  and  on  this  a  new  series  of  layers  is  started.  These 
alternate  layers  of  tanbark,  pots,  etc.,  are  continued  until  the 
stack  is  15  to  20  feet  high.  The  fermentation  of  the  tanbark 
heats  the  acid  in  the  pots  to  a  point  at  which  it  is  volatilized 
and  attacks  the  metallic  lead,  forming  basic  lead  acetate.     The 
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carbon  dioxide  gas  given  off  at  the  same  time  by  the  fermenting 
tanbark  converts  the  basic  acetate  into  basic  carbonate  of  lead, 
and  sets  free  the  acetic  add  to  attack  more  lead.  In  about  three 
months,  the  stack  is  torn  down  and  the  wholly  or  partially  decom- 
posed lead  is  groimd  and  seived.  Any  metallic  lead  is  flattened 
by  the  grinding  process  and  so  retained  on  the  seives.  The 
white  lead  passing  through  the  seive  is  groimd  wet  in  buhrstone 
mills  and  is  then  levigated. 

The  German  or  chamber  process  is  an  attempt  to  produce 
artificially  the  conditions  existing  inside  the  Dutch  "stack." 
Sheet  lead  is  hung  in  a  heated  room  and  acetic  acid  and  carbon 
dioxide  vapors  are  introduced.  The  corrosion  takes  five  weeks 
only  in  this  process ;  but  it  is  much  more  difficult  to  control  than 
the  Dutch  process,  and  the  quantity  and  quality  of  output  is 
subject  to  variation.  The  reactions  are  the  same  as  those  in  the 
Dutch  process. 

In  the  French  process  a  clear  solution  of  lead  acetate  is  made 
by  dissolving  litharge  in  acetic  acid.  White  lead  is  precipitated 
from  this  by  leading  in  carbon  dioxide  gas.  There  are  several 
patented  modifications  of  this  method,  among  which  may  be 
mentioned  Carter's  process.  In  this  method  granulated  lead  is 
wet  with  acetic  acid  and  treated  in  revolving  drums  with  carbon 
dioxide. 

White  lead  is  frequently  adulterated  with  barytes  (barium 
sulphate),  lead  sulphate,  or  whiting.  A  pure  white  lead  should 
dissolve  completely  in  chemically  pure  nitric  acid.  Common 
nitric  acid  will  not  give  a  clear  solution  since  it  contains  sulphm-ic 
add.  On  being  heated  white  lead  gives  about  85  per  cent  lead 
oxide  and  15  per  cent  water  and  carbon  dioxide. 

(d)  Effect  of  Lead  Oxide  in  Enamels. — Lead  oxide  is  used 
in  enamels  as  a  flux.  It  has  the  advantage  over  all  the  other 
fluxing  oxides,  except  boric  oxide,  that  it  can  be  added  in  very 
large  amounts  without  causing  dull  finish  by  the  separation  of 
its  compounds  in  crystalline  form.  It  produces  enamels  of  great 
brilliancy  and,  in  the  absence  of  antimony  oxide,  of  a  pure  white 
to  cream  tint.  Used  in  amounts  of  over  10  per  cent  with  antimony 
compounds  it  produces  canary-yellow  enamels. 

Lead  oxide  shares  with  zinc  oxide  and  barium  oxide  the  proper- 
ties of  increasing  the  strength  and  elasticity  of  enamels  without 
at  the  same  time  causing  the  coefficient  of  contraction  to  vary 
widely  from  that  of  cast  iron.  Since  lead  oxide  is  the  only  one 
of  these  three  that  can  be  used  in  large  amounts  in  the  type  of 
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enamels  used  in  this  country,  it  has  the  general  reputation  of 
giving  enamels  good  mechanical  properties.  It  is  said  to  furnish 
' '  give  and  take  "and  elasticity  to  the  enamel .  A  s  one  old  enameler 
expressively  stated,  "lead  oxide  makes  the  enamel  able  to  go 
around  the  corners." 

In  attempting  to  make  leadless  enamels,  it  has  been  found,  as 
in  leadless  glazes,  that  the  substitution  of  other  oxides  produced 
enamels  of  more  restricted  working  range.  They  were  more 
likely  to  craze  or  shiver  with  slight  changes  in  composition  of 
the  enamel,  or  of  the  iron  in  the  castings,  or  even  with  the  manner 
of  heating.  In  making  enamels  for  cast  iron  in  this  country 
lead  oxide  is  highly  valued,  but  in  Europe  its  use  seems  to  be 
disparaged."  It  must  be  remembered,  however,  that  in  Europe 
much  higher  percentages  of  boric  oxide  are  used  than  it  is  cus- 
tomary to  use  here. 

10.  ZINC  OXIDE 

(o)  Occurrence  and  Preparation. — Zinc  is  found  in  ores  as 
the  sulphide  (blende) ,  the  carbonate  (smithsonite) ,  the  hydrated 
and  anhydrous  silicate  (hemimorphite  and  willemite) ,  the  oxide 
(zincite) ,  and  a  complex  oxide  of  zinc,  iron,  and  manganese  (frank- 
linite) . 

The  ores  containing  sulphur  are  roasted  at  a  low  heat  to 
eliminate  the  sulphur,  and  the  carbonate  and  hydrated  ores  are 
generally  calcined  to  volatilize  carbon  dioxide  and  water.  'The 
pulverized  ore  is  mixed  with  coal  or  coke  and  roasted  in  fire-clay 
retorts.  Metallic  zinc  passes  off  as  a  vapor  and  is  condensed  to 
the  metal  in  air-cooled,  fire-clay  condensers.  It  is  refined  by 
remelting  in  reverberatory  furnaces. 

Zinc  oxide  can  be  made  in  two  ways,  from  the  ore  direct  and 
from  the  refined  metal.  The  cheapest  way  is  not  to  condense  the 
vapors  of  metallic  zinc  obtained  by  the  process  just  described, 
but  to  allow  them  to  come  in  contact  with  hot  air.  The  hot 
vapors  bum  readily  to  voluminous  white  clouds  of  zinc  oxide. 
These  are  collected  and  at  the  same  time  sized  in  a  series  of  set- 
tling chambers  followed  by  coarsely  woven,  large,  cotton  bags. 
The  coarsest  grained  and  most  impure  zinc  oxide  is  deposited  in 
the  first  settling  chamber;  the  finest  and  purest  in  the  last  of  the 
bags.  This  method  does  not  give  entirely  pure  zinc  oxide  with 
most  ores.  Cadmium  in  the  ore  will  be  volatilized  with  the  zinc 
and  will  give  the  oxide  a  brown  color.  The  oxide  is  also  subject 
to  contamination  by  lead  and  iron  oxides. 

'2  Griinwald.  J.,  Stahl  u.  Eisen,  SO,  p.  1204. 
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In  making  zinc  oxide  from  the  metal  the  process  is  the  same 
except  that  the  hot  vapors  of  metallic  zinc  are  obtained  by  heat- 
ing refined  metal.  Oxide  prepared  in  this  way  is  known  as  Florence 
zinc  oxide  and  is  more  nearly  pure  than  most  zinc  oxide  made 
directly  from  the  ore. 

Florence  zinc  oxide  is  sold  in  three  grades,  white  seal,  green 
seal,  and  red  seal,  the  finest  grained  and  most  nearly  pure  being 
named  first.  The  cheaper  brands  of  zinc  oxides,  mostly  made 
direct  from  the  ore,  are  sold  imder  brand  names  selected  by  in- 
dividual producers  such  as  "potters  selected,  XX,"  etc.  The  white 
seal  zinc  oxide  is  pure  white  in  color,  but  the  other  brands  show 
increasing  depth  of  yellow  tint  as  the  grade  decreases.  This 
difference  in  tint  is  emphasized  if  samples  of  the  various  grades 
are  heated  in  closed  unglazed  earthenware  cups.  In  making 
cast-iron  enamels,  however,  the  author  has  not  been  able  to  detect 
any  difference  in  the  effect  of  a  moderate -priced  zinc  oxide  and 
the  most  expensive  brands.  This  experience  has  been  confirmed 
by  others.-'  Nevertheless,  some  enamel  makers  claim  that  it  is 
necessary  to  use  the  better  grades  in  their  compositions. 

When  heated,  zinc  oxide  becomes  lemon  yellow,  but  loses  this 
color  again  as  it  cools.  It  dissolves  readily  in  acids.  The  solu- 
tions have  a  metallic  taste  and  are  more  or  less  poisonous. 

(b)  Effect  of  Zine  Oxide  in  Enamels. — Zinc  oxide  is  a 
valuable  flux  in  enamels.  In  small  amoimts,  3  or  4  per  cent,  it 
is  equal  to  lead  oxide,  pound  for  pound  in  fluxing  power;  but  in 
larger  amounts  it  is  slightly  less  active,  or  possibly  it  would  be 
more  acciu-ate  to  say  that  the  difference  in  fluxing  power  becomes 
more  noticeable.  Zinc  oxide  has  been  shown  to  have  a  decidedly 
favorable  influence  on  the  strength  and  elasticity  of  glasses. 
Compared  with  other  fluxes,  it  has  an  intermediate  effect  on  the 
coefficient  of  expansion.  Some  of  the  most  satisfactory  enamel 
formulas  used  in  this  country  call  for  7  to  9  per  cent  of  zinc  oxide. 
In  enamels  low  in  lead  it  is  especially  desirable.  The  amount  of 
zinc  oxide  that  can  be  used  is  limited  by  the  fact  that  when 
present  in  large  amounts  it  tends  to  separate  in  fine  crystalline 
combinations,  producing  a  dull  finish. 

11.  BORAX  AND  BORIC  ACID. 

(a)  Occurence  and  Preparation. — Boron  is  found  in  many 
mineral  combinations.  The  chief  of  these  are:  Boric  acid  vapor 
in    volcanic    steam,    native    borax    (tinkal),    magnesium   borate 

23.  Ashley,  H.  E.,  Trans.  A.  C.  S..  12,  pp.  446.  459. 
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(boracite),  calcium  borate  (borocalcite,  colmanite),  and  double 
borate  of  sodium  and  calcium  (boronatrocalcite) .  California 
furnishes  about  50000  tons  of  boron  ores  a  year;  Chile  about 
40000  tons;  Turkey  14000  tons;  Peru,  Bolivia,  and  Italy  about 
2000  tons" each;  Argentina  about  1000  tons;  Tibet  about  300  tons, 
and  Germany  150  tons." 

In  Tuscany,  boric  acid,  B(0H)3  or  B2O3.3H2O,  occurs  as  vapor 
in  the  steam  arising  from  volcanic  fissures.  The  steam  is  passed 
through  water  which  absorbs  the  boric  acid.  The  solution  is 
evaporated,  and  the  boric  acid  crystals  which  separate  are  puri- 
fied somewhat  by  recrystallization.  The  boric  acid  produced  in 
this  way  is  known  as  "flaky"  or  Tuscany  boric  acid  and  is  general- 
ly yellow  in  color  and  quite  impure.  Below  are  given  two  analyses 
made  on  samples  taken  from  the  stock  of  an  American  factory.  ^^ 


Composition 

I 

U 

Per  cent 

80.76 

.71 

.33 

.85 

9.32 

2.59 

4.23 

Per  cent 

Silica 

87 

Piilphiirir  nnhyririrtft 

8  46 

Alkalies 

98.79 

99.30 

As  stated  by  Ashley,^'  the  composition  of  brown  Tuscany  boric 
acid  may  be  roughly  expressed  as  70  per  cent  pure  boric  acid,  15 
per  cent  borax,  and  15  per  cent  volatile  matter  and  objectionable 
sulphates. 

Boric  acid  is  made  from  the  borax  and  calcium  borate  found  in 
California  and  Nevada,  the  calcium  borate  found  in  Chile,  and  the 
magnesium  borate  found  in  the  Stassfurt  salt  deposits  in  Germany. 
In  each  case  the  boric  acid  is  produced  by  decomposing  the  borate 
with  hydrochloric  or  sulphuric  acid.  The  following  reaction  is 
typical : 

CaB^0,.6Ufi  +  H2SO,  f  H,0  =  CaSO,.2H30  +  2B203-3H20. 

The  boric  acid  prepared  in  these  ways  is  usually  quite  pure. 

When  pure,  boric  acid  forms  pearly  white,  laminated  crystals 
which  are  very  slightly  soluble  in  cold  water  but  readily  soluble 
in  hot  water.    When  heated  to  100°  C  (212°  F)  it  loses  i  molecule 

"  Mineral  Resources.  U.  S..  1914.       **  Aashley.  H.  E..  Trans.  A.  C.  S.,  12,  p.  447.       «  Ibid.,  p.  448. 
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of  water,  at  140°  C  (284°  F)  another,  and  at  red  heat  becomes 
anhydrous.  Care  must  be  taken  not  to  store  it  in  a  hot  place.  It 
contains  56.4  per  cent  boric  oxide  and  43.6  per  cent  water. 

Borax  is  prepared  from  calcium  and  magnesium  borates  by  a 
double  decomposition  reaction  with  sodium  carbonate,  according 
to  the  following  typical  reaction: 

CaB,07.6H,0  +  NajCO,  +  4H,0  =  CaCOj  +  Na,B,0,.  loH^O. 

Borax  crystallizes  from  its  solutions  in  two  forms,  prismatic  or 
common  borax,  NajB^Oj-ioH^O  or  Na^O. 26,63. loH^O,  and  jew- 
eler's or  octahedral  borax  Na2B407.5H20.  The  common  or  pris- 
matic borax  is  the  kind  usually  sold  for  enameling  purposes.  Octa- 
hedral borax  separates  from  concentrated  solutions  at  tempera- 
tm-es  above  56°  C  (133°  F)  and  common  borax  separates  at  tem- 
peratiu"es  below  that  point.  By  controlling  the  concentration 
and  temperature,  either  type  of  crystal  can  be  made  at  the  will 
of  the  operator.  In  making  common  borax  the  hot  solution  is  fil- 
tered to  get  rid  of  the  slime  of  calcium  carbonate  and  insoluble 
materials  in  the  original  chemicals,  so  diluted  that  no  cr\'stals 
will  separate  above  the  temperature  of  56°  C,  and  allowed  to 
crystallize  verj'  slowly  in  large  heat-insulated  tanks.  In  buying 
common  borax  there  is  little  danger  that  it  \\all  contain  any 
appreciable  amount  of  the  octahedral  variety,  since  the  borax 
manufacturer  would  lose  money  by  furnishing  a  product  richer  in 
boron  than  the  grade  being  paid  for. 

The  prismatic  borax  manufactured  in  this  country  is  quite 
pure.  It  effloresces  in  air  very  slightly,  to  the  extent  that  the 
crystals  are  whitened  at  the  edges,  but  for  practical  purposes  may 
be  considered  permanent  in  air  at  moderate  temperatures.  Care 
must  be  taken,  however,  that  it  is  not  stored  close  to  a  furnace  or 
in  any  other  hot  place,  for  when  heated  it  loses  part  of  its  water 
of  crystallization.  The  borax  used  in  Eiu-ope  must  contain  traces 
of  deliquescent  salts  as  impurities,  for  Griinwald  states  "  that  it 
is  so  deliquescent  that  it  must  be  stored  in  tight  boxes  in  order  to 
avoid  errors  in  weighing  the  enamel  mixes.  In  the  melt  ordinary 
borax  yields  16.2  per  cent  sodium  oxide,  36.6  per  cent  boric  oxide, 
and  47.2  per  cent  water. 

(6)  Effects  of  Borax  akd  Boric  Acid  in  Enamels. — Both 
boric  acid  and  borax  act  as  fluxes  in  enamels.  The  soda  in  borax 
has  the  same  effect  as  soda  introduced  as  carbonate  or  nitrate. 
The  boric  oxide  (B2O3)  in  boric  acid  and  borax  act  as  a  strong  flux, 

37  Griinwald,  J.,  Raw  Materials  of  the  Eaaznel  Industry,  p.  69. 
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axid  at  the  same  time  reduces  the  coefficient  of  expansion  of  the 
enamel.  Other  things  being  equal,  therefore,  increase  of  boric 
oxide  tends  to  stop  crazing  and  to  cause  chipping.  It  is  the  only 
fluxing  oxide  that  has  this  property.  It  has  a  favorable  influence 
on  the  strength  and  elasticity  of  enamels.  Boric  oxide  tends  to 
produce  glasses  that  are  viscous  at  low  temperatures;  and  there- 
fore increase  of  it,  even  to  a  large  percentage,  not  only  does  not 
result  in  crystallization  of  its  compounds,  but  hinders  the  crys- 
tallization of  other  easily  crystallizable  compounds.  High  boric 
oxide  is  the  chief  dependence  of  the  enamel  mixer  in  preventing 
the  dull  finish  due  to  devitrification  (crystallization)  of  fusible 
enamels  low  in  lead. 

Borax  is  cheaper  per  unit  weight  of  BjOg  in  this  country  than 
boric  acid,  on  account  of  the  greater  expense  of  manufacture  of 
the  latter.  In  all  formulas  calling  for  ptire  boric  acid,  borax  may 
be  used  without  altering  the  properties  of  the  enamel,  provided  a 
reduction  is  made  in  the  soda  ash  corresponding  to  the  sodium 
oxide  brought  in  by  the  borax.  The  proper  proportions  are: 
100  potmds  of  borax  equal  68.5  pounds  of  boric  acid  and  28  pounds 
soda  ash.  In  most  cases  it  will  be  sufficiently  accurate  to  say  70 
pounds  of  boric  acid  and  30  pounds  of  soda  ash.  In  substituting 
borax  for  brown  Tuscany  boric  acid,  it  is  necessary  to  remember 
the  usual  composition  of  this  as  given  above. 

12.  FLUORSPAR 

(a)  Sources  op  Fluorspar. — Calcium  fluoride,  CaFj,  is  known 
as  fluorspar,  owing  to  its  content  of  fluorine.  It  has  been  imported 
into  this  country  for  some  time  from  England,  being  gathered  up 
from  old  dump  heaps  of  abandoned  lead  mines.  This  imported 
fluorspar  is  generally  quite  impure,  containing  considerable  silica, 
iron,  and  even  some  lead  compounds. 

Large  quantities  of  very  pure  fluorspar  &re  found  in  southern 
Illinois  and  western  Kentucky.  It  varies  in  color  from  pure  water 
white,  through  pink  and  yellow  to  deep  purple.  The  coloring 
matter  is  not  objectionable,  being  in  this  class  of  fluorspar  nothing 
more  than  minute  quantities  of  hydrocarbons.  The  purest  grade 
of  fluorspar  runs  over  98  per  cent  calcium  fluoride  and  is  sold  for 
the  manufacture  of  hydrofluoric  acid.  The  next  grade  contains 
85  to  98  per  cent  calcium  fluoride  and  is  the  grade  generally  sold 
for  enamel  making.  Large  quantities  of  this  grade  in  lump  form 
are  sold  for  use  as  a  flux  in  steel  manufacture.  In  making  enamels 
it  is  not  advisable  to  use  fluorspar  rutming  below  94  or  95  per 
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cent  calcium  fluoride,  since  silica,  the  chief  impurity,  has  a  harden- 
ing effect  on  tlie  enamel  and  so  detracts  from  the  fluxing  power 
of  the  fluorspar.  Below  are  given  the  compositions  of  two  No.  2 
brands  of  American  fluorspar. 


Composition 

I 

n 

Per  cent 

90  and  over 

3.50  to  4.09 

to  4.00 

0.50  to  1 

Per  cent 

Carbonate  ol  lime 

I  to   2  5 

Silica 

1  to    1.5 

Alumlnfl             ,...,., 

Trace. 

(b)  Fluorspar  as  a  Flux. — Fluorspar  is  a  ver)'  powerful  flux, 
owing  to  the  fact  that  the  lime  is  in  chemical  combination  with  an 
element  that  is  stable  in  the  melt  and  because  it  contains  a  high 
percentage  of  the  ver\-  active  flux,  fluorine.  Fluorspar  has  also 
the  valuable  property  of  making  glass  and  enamels  semiopaque. 
It  is  largely  used  in  making  opal  glass.  An  enamel  mix  high  in 
fluorspar,  or  other  fluorides,  requires  less  high-priced  opacifiers  to 
render  it  fully  opaque  than  a  mix  low  in  fluorides.  Fluorspar, 
like  most  strong  fluxes,  tends  to  produce  crazing  in  enamels. 
When  used  in  large  amounts  it  tends  to  produce  enamels  that 
seem  to  be  deficient  in  strength  and  elasticity.  This  is  probably 
due  in  part  to  the  calcium  content  of  the  mineral,  as  we  note  the 
same  thing  with  other  forms  of  calcium. 

The  use  of  fluorspar  is  avoided  by  European  enamel  manufac- 
turers^* but  it  is  commonly  used,  with  or  without  cryolite,  by 
American  enamel  makers.  As  long  as  the  fluorspar  does  not 
exceed  10  per  cent  of  the  melted  wieght  of  the  enamel,  and  no 
other  fluorides  are  used,  there  is  no  marked  effect  on  the  working 
properties.  Wlien  the  percentage  approaches  15  per  cent,  the 
enamels  are  very  brittle  and  moreover  are  liable  to  ha\'e  a  dull 
greasy  finish.  However,  an  enamel  containing  15  per  cent  of 
cr^'olite  will  also  be  brittle.  If  other  fluorides  are  used  with 
fluorspar,  this  ingredient  must  be  reduced  by  a  corresponding 
amoimt. 

(c)  Fluorsp.vr  as  .\n  Opacifier. — The  opacif3'ing  power  of 
fluorspar  and  all  other  fluorides  depends  largely  on  the  length  of 
time  the  enamel  is  in  the  smelting  furnace.  If  the  smelting  is  done 
rapidly  and  the  enamel  is  tapped  out  of  the  furnace  as  soon  as 
bubbling  ceases,  the  greatest  opacifying  effect  is  obtained  from 
fluorides.    It  has  been  found  that  in  this  case  most  of  the  fluorine 

^  Grilnwald.  Julius,  Enameling  on  Iron  and  Steel,  p.  7. 
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remains  in  the  enamel.  As  the  heating  of  the  enamel  is  pro- 
longed from  this  point  on,  the  opacifying  effect  produced  by  fluo- 
rine gradually  decreases  and  at  last  with  prolonged  heating  at 
high  temperatures,  if  no  other  opacifiers  are  present  in  the  enamel, 
the  glass  becomes  perfectly  transparent.^'  Analyses  of  such  glasses 
show  that  practically  all  the  fluorine  and  a  considerable  amount 
of  silica  have  been  volatilized.     The  reaction  is  supposed  to  be: 

2CaFj  +SiOj  =  2CaO  +SiF, 

Many  theories  have  been  put  forward  as  to  the  manner  in  which 
fluorides  cause  opacity.'"  It  has  been  held  that  the  opacity  is 
due  to  gaseous  compounds  of  fluorine  inclosed  in  the  enamel  on 
cooling ; ''  the  crystallization  of  silica  or  other  compormds,  not 
fluorides,  which  is  aided  by  the  great  fluidity  given  the  glass  by 
the  fluxing  action  of  fluorides;  '^  precipitated  alumina,  all  fluorine 
being  volatilized ; '"  bubbles;'^  sodium  fluoride ;^^  and  aluminum 
fluoride.^' 

It  would  be  possible  to  add  still  another  explanation  to  the 
above  list,  namely,  that  the  opacity  is  due  to  globules  of  melted 
fluoride  or  globules  high  in  fluoride  that  have  not  combined  with 
the  rest  of  the  enamel.  This  explanation  is  based  on  the  principle 
of  producing  opacity  by  the  refraction  of  light  through  a  mixture 
of  transparent  particles  of  two  different  indices  of  refraction. 
This  principle  is  fully  explained  by  Schott."  Most  of  these  pro- 
posed explanations  are  purely  speculative.  We  know  only  that 
as  the  fluorine  is  volatilized  from  the  enamel  the  opacifying  effect 
produced  by  the  fluoride  decreases. 

In  regard  to  the  effect  of  the  various  fluorides,  we  find  it  to  be 
about  the  same  with  all  if  the  melting  period  is  very  short,  but 
that  as  it  is  prolonged  the  effect  of  fluorspar  decreases  rapidly 
and  that  of  cryolite  less  rapidly.  Sodium  silicofluoride  occupies 
an  intermediate  position. 

^  Meyer  and  Havas,  Chem.  Ytg.  758;  1909.  Landrum,  R.  D.,  Trans.  A.  C.  S..  14,  p.  344.  Voght,  G., 
6th  Int.  Congress  of  Applied  Chem..  London,  1909. 

*"  Shaw,  J.  B.,  Trans.  A.  C.  S.,  14,  p.  577,  Grunwald,  Julius,  Raw  Materials  of  the  Enameling  Industry, 
p.  86. 

**  Encquist,  Erik,  Chem.  Engineering,  10,  p.  54. 

32  Beurath,  Die  Pol.  J..  192,  p.  239. 

33  Grunwald,  loc.  dt. 

3<  Landrum.  R.  D.,  Trans.  A.  C.  S.,  16,  p.  579. 

35  Riedel,  Chem.  Ytg.,  p.  1305:  1909. 

36  Vondracek,  Sprechsaal,  pp.  584  and  589:  1909. 
"  Hovestadt,  H..  Jena  Glass,  p.  397. 
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13.  CRYOLITE 

(a)  OcctnuRENCE  and  Preparation. — Cryolice  is  a  double  fluo- 
ride of  sodiuta  and  aluminum.  Its  chemical  formula  is  NajAlFg 
or  3NaF.AlF3,  which  corresponds  to  32.79  per  cent  sodium,  12.85 
per  cent  aluminum,  and  54.36  per  cent  fluorine.  It  occurs  as  a 
brittle  crystalline  mineral,  ranging  in  color  from  pure  white 
through  pink  and  yellow  to  black.  The  color  disappears  on  heat- 
ing.    Cr\^olite  melts  at  about  1000°  C  (1800°  F). 

Practically  the  whole  commercial  supply  of  cryolite  comes  from 
Ivigtut  in  southwestern  Greenland.  A  great  lense  of  the  material, 
500  feet  long  by  200  feet  wide  by  over  150  feet  deep,  has  been 
quarried  there  since  1S50.  The  chief  impurity  is  quartz,  but  there 
may  be  small  amounts  of  iron  oxide,  and  sulphides  of  zinc,  iron, 
copper,  and  lead.  The  crude  material  is  shipped  to  Copenliagen, 
where  it  is  hand-cobbed,  crushed,  and  separated  into  various  sizes 
and  grades.  The  purest  grade  is  sold  for  the  manufacture  of  alumi- 
num. This  contains  less  than  0.2  per  cent  of  quartz.  The  grade 
sold  for  enamel  and  glass-making  purposes  may  contain  i  to  4 
per  cent  of  silica,  0.3  per  cent  iron,  and  traces  of  lead,  copper, 
and  zinc.  It  comes  on  the  market  as  a  rather  coarsely  groimd 
white  powder. 

Cryolite  is  prepared  artificially  by  adding  common  salt  to 
alumina  dissolved  in  hydrofluoric  acid.  When  properly  prepared, 
this  material  conforms  in  composition  to  natural  cryolite  and 
contains  even  less  impurities  than  the  natural  mineral.  How- 
ever, it  may  be  adulterated  with  other  substances,  such  as  soda 
ash,  fluorspar,  and  zinc  oxide.  Sometimes  sodium  silicofluoride, 
or  mixtures  containing  this,  are  marketed  under  the  name  of 
artificial  cryoUte.  This  may  contain  up  to  35  per  cent  quartz  as 
an  adulteration. 

A  mixture  of  artificial  cryolite  with  precipitated  silica  can  be 
prepared  by  adding  alumina  and  sodium  carbonate  to  a  hot  solu- 
tion of  sodium  silicofluoride.^^  The  equation  given  for  the  re- 
action is: 

2NajSiFg  H-AIjOa  +NaX03  =  2Na3.\lF,  +C0,  -h2SiO, 

Of  course  the  same  product  could  be  obtained  by  adding  alum- 
ina and  soda  ash  to  the  solution  of  hydrofluosilic  acid  obtained 
from  the  absorption  towers  of  fertilizer  plants.  (See  sodimn 
silicofluoride.)  This  mixture  is  claimed  to  be  entirely  suitable 
for  enameling  purposes,  and  there  is  no  reason  why  it  should  not 

"  French  patent  408134. 
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be  used,  since  many  enamels  contain  cryolite  and  all  contain 
silica.  Of  com-se  the  price  paid  for  it  should  depend  on  the 
cryolite  content,  since  the  silica  is  of  comparatively  little  value. 

(6)  Effect  of  Cryolite  in  Enamels. — Cryolite  is  probably 
the  strongest  flux  used  in  enamel  making.  One  poiuid  of  cryolite 
is  approximately  equal  in  fluxing  power  to  two  pounds  of  lead 
oxide.  It  has  a  decided  effect  in  raising  the  coefficient  of  expan- 
sion of  enamels.  On  account  of  this,  it  is  liable  to  cause  crazing 
when  added  to  an  enamel  mix  or  substituted  for  other  fluxes  in 
enamels,  unless  corresponding  reduction  in  the  other  fluxes  or 
increase  in  refractories  is  made  at  the  same  time.  When  no 
other  fluorides  are  used,  cryolite  may  constitute  15  per  cent  of 
the  melted  weight  of  an  enamel  for  cast  iron.  As  this  limit  is 
approached  the  enamel  becomes  rather  brittle  ^'  and  10  or  12 
per  cent  is  a  safer  limit. 

Besides  acting  as  a  flux,  cryolite  has  the  well-known  property 
of  imparting  to  enamels  a  milky  opacity,  which  greatly  reduces 
the  amount  of  more  expensive  opacifiers  that  must  be  employed. 
The  effect  of  cryolite  on  opacity  does  not'  decrease  so  rapidly 
with  continued  smelting  of  the  enamel  as  in  the  case  of  flourspar. 

14.  SODIUM  Sn-ICOFLUORIDE 

Sodium  silicofluoride  has  the  formula  NajSiF^  and  is  the  sodium 
salt  of  hydrofluosilicic  acid.  In  recent  years  it  has  been  prepared 
in  large  quantities  in  Evnope  and  to  some  extent  in  this  cotmtry 
as  a  by-product  of  the  manufacture  of  phosphate  fert-'Hzers. 

Most  phosphate  rock  contains  several  per  cent  of  fluorspar  and 
considerable  silica  and  silicates.  When  the  rock  is  treated  with 
sulphuric  acid  in  the  manufactiu'e  of  fertilizer,  the  fluorine  of 
the  fluorspar  unites  with  some  of  the  silica  present  and  silicon 
tetrafluoride,  SiFi  is  driven  out  as  a  gas.  Since  this  gas  is  inju- 
rious to  the  health  of  men  and  animals,  in  most  locations  it  must 
be  taken  care  of.  The  usual  procedvu-e  is  to  absorb  it  in  water 
in  spray  chambers.  When  dissolved  in  water,  this  gas  gives  a 
precipitate  of  ptu'e  white  gelatinous  hydrated  silica  leaving  hydro- 
fluosilicic acid  in  solution.  This  solution  is  nm  off  from  the 
precipitated  silica  and  treated  with  common  salt,  when  sodium 
silicofluoride  is  precipitated  and  hydrochloric  acid  remains  in 
solution.  Sodium  silicofluoride  prepared  in  this  way  must  be 
washed  very  thoroughly  to  free  it  from  chlorides,  if  it  is  to  be 

*»  That  cryolite  makes  enamel  brittle  has  been  disputed  by  R.  D.  Landrum.    (Trans.  A.  C.  S..  14,  p.  543). 
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used  for  enameling  purposes.     To  avoid  this  washing  some  firms 
precipitate  with  soda  ash. 

Since  this  chemical  is  sometimes  adulterated  with  inert  and 
less  valuable  materials,  a  simple  method  of  analysis  is  of  impor- 
tance. Griinwald  recommends  ^"  dissolving  the  sample  in  hot 
water  and  titrating  with  2N  caustic  soda.  The  amount  of  sodium 
silicofluoride  present  is  calculated  according  to  the  equation: 

Na^SiFe  +  4NaOH  =  6NaF  +  Si02  +  2H2O. 

The   commercial   brands   usually  contain  90  to  95  per  cent  of 
silicofluoride,  the  rest  being  chiefly  sihca. 

The  action  of  sodium  silicofluoride  in  enamels  is  very  similar 
to  that  of  cryoHte.  It  acts  as  a  strong  flux  and  opacifier  and 
tends  to  produce  crazing.  Its  opacifying  effect  decreases  on 
continued  heating  of  the  enamel  in  the  melting  tank  more  rapidly 
than  that  of  cryolite  but  not  so  rap-'dly  as  that  of  fluorspar. 

15.  BARIUM  FLUORIDE 

Barium  fluoride  (BaFj)  is  made  as  a  by-product  in  the  manu- 
facture of  hydrogen  peroxide  from  barium  peroxide.  A  limited 
amount  comes  on  the  market  as  a  coarse  white  powder.  It  melts 
at  1280°  C  (2335°  F).  Its  action  is  similar  to  that  of  cryolite 
rather  than  that  of  fluorspar.  It  has  a  strong  opacifying  effect 
and  does  not  have  the  injurious  effect  on  the  strength  of  enamels 
that  fluorspar  has.  It  also  has  no  effect  on  the  color  of  antimony- 
bearing  enamels.  As  a  flux  it  is  about  equal,  pound  for  pound, 
to  fluorspar. 

m.  RAW  MATERIALS— OPACIFYING  AGENTS 

1.  THEORY  OF  OPACIFYING  AGENTS 

Opacifying  agents  in  enamels  are  divided,  according  to  their 
effectiveness,  into  true  opacifiers  and  accessory  opacifiers.  The 
true  opacifiers  used  alone  are  capable  of  making  enamels  completely 
opaque,  while  the  accessory  opacifiers  are  used  along  with  one  or 
more  of  the  true  opacifiers  as  minor  aids  in  producing  opacity. 
The  true  opacifiers  include  oxides  or  other  compounds  of  tin,  zir- 
conium, titanium,  antimony  and  arsenic,  and  calcined  spinels. 
The  only  important  accessory  opacifiers  in  use  at  the  present  time 
are  the  various  fluorides.  Bone  ash  and  other  phosphates  are  used 
as  accessory  opacifiers  to  a  limited  extent. 

♦"  Griinwald,  Julius,  Enameling  on  Iron  and  Steel,  p.  lo. 
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With  the  exception  of  the  spinels,  the  substances  used  as  true 
opacifiers  are  oxides  or  other  compounds  of  elementls  lying  close 
to  tin  oxide  in  the  periodic  arrangement  of  the  elements.  Chem- 
ically the  oxides  of  this  group  of  elements,  which  includes  tin, 
zirconium,  titanium,  antimony  and  arsenic,  are  characterized  by 
their  chemical  inertness,  possessing  neither  strong  basic  nor  acidic 
quahties.  Therefore  they  do  not  readily  form  chemical  compounds 
and  do  not  readily  go  into  solution  in  the  enamel  glass.  The 
spinels,  when  calcined  at  high  temperatures,  are  also  chemically 
inert  and  not  readily  soluble  in  molten  enamels.  We  may  say, 
then,  that  one  characteristic  of  the  true  opacifiers  is  that  they  are 
comparatively  insoluble  in  enamels. 

Contrary  to  popular  belief,  the  true  opacifiers  in  enamels  are 
not  opaque.  Viewed  under  the  microscope  in  thin  section,  tin 
oxide,  titanium  oxide,  zirconium  oxide,  zirconium  silicate,  an- 
timony oxide,  sodium  metantimonate,  arsenic  oxide,  and  the 
spinels  are  all  transparent.  These  substances  do  not,  therefore, 
make  enamels  opaque  simply  by  forming  suspensions  of  opaque 
material  in  the  enamel  glass. 

They  are  characterized  by  high  indices  of  refraction,  much 
higher  than  that  of  the  enamel  glass  in  which  they  are  suspended. 
This,  together  with  their  insolubility  and  fine  state  of  division,  is 
probably  the  explanation  of  their  opacifying  power.  Schott  and 
Herschkowitz  pointed  out  in  1901  *'  that  opal  glass  could  be  pro- 
duced by  the  diffusion  of  light  produced  by  perfectly  transparent 
particles  having  a  different  index  of  refraction  from  the  material 
in  which  they  are  imbedded.  Fritz  Haber  "  extended  the  theory 
definitely  to  the  opacity  of  enamels. 

The  theory  is  that  the  light  striking  the  particles  with  indices 
of  refraction  different  from  that  of  the  glass  in  which  they  are 
embedded  is  deflected  in  various  directions.  Since  with  a  finely 
divided  opacifier  there  are  multitudes  of  these  particles  in  each 
small  section  of  the  enamel  and  they  are  embedded  in  the  glass 
at  all  sorts  of  angles,  the  diffusion  of  the  light  is  so  great  that  the 
enamel  becomes  opaque  white. 

2.  Tm  OXIDE 

The  chief  ore  of  tin  is  cassiterite,  or  tin  stone.  This  is  impure, 
natural  tin  dioxide,  SnO,.  The  principal  sources  of  supply  are 
the  Malay   Peninsula  and  East  Indies,   Bolivia,   and  Cornwall, 

*^  Jour.  f.  Gasbcleuchtung  und  Wasserversorgung,  1901,  No.  26;  also  Jena  Glass,  p.  397. 
*^  Jour.  Soc.  Chem.  Ind.,  83,  p.  49;  1914. 
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England.  While  the  native  ore  is  largely  tin  dioxide,  the  form 
used  in  enamel  making,  it  is  too  impure  to  be  used  directly.  It  is 
first  reduced  to  pig  tin  and  then  reconverted  to  tin  dioxide. 

(a)  Method  of  Manufacture. — For  making  pig  tin  the  ore 
is  crushed,  washed  to  remove  rock  and  earthy  matter,  and  then 
roasted  to  drive  off  sulphur  and  arsenic.  It  is  then  washed  again 
to  remove  sulphate  of  copper  and  oxide  of  iron  in  the  form  of 
light  powder,  and  reduced  with  coal  in  a  shaft  or  reverberatory 
furnace.  The  tin  is  remelted  on  a  sloping  hearth  at  a  low  tem- 
perature, and  the  pure  metal  flows  away  from  the  compounds  of 
iron   and  arsenic. 

Tin  forms  two  oxides,  stannous  oxide  or  tin  monoxide,  SnO; 
and  stannic  oxide,  tin  dioxide,  SnO,.  Stannous  oxide  is  black  and 
a  very  objectionable  impurity  in  tin  dioxide  that  is  to  be  used  for 
making  white  enamels.  Stannic  oxide  or  dioxide,  when  pure, 
is  white  in  color,  and  the  most  valuable  opacifying  agent  known 
to  enamel  makers. 

Formerly  tin  dioxide  was  made  by  the  wet  process.  This 
consisted  of  treating  metallic  tin  with  concentrated  nitric  acid, 
washing  and  levigating  the  insoluble  hydrated  oxide  of  tin  (meta- 
stannic  acid)  formed,  and  igniting  it  at  a  bright  red  heat.  This 
rhethod  produced  a  very  pure,  dense  oxide  of  tin.  It  is  still  used 
for  producing  small  amounts  of  tin  oxide  for  special  purposes,  but 
is  too  expensive  to  compete  with  the  dry  methods  for  quantity 
production. 

The  common  method  of  making  tin  oxide  is  the  so-called  dry 
method.  This  consists  in  oxidizing  metallic  tin  at  a  bright  red 
heat.  The  process  is  usually  conducted  in  a  reverberatory  fur- 
nace, the  molten  metal  being  "rabbled"  or  stirred  with  a  rake 
constantly.  As  fast  as  the  oxide  forms  on  the  surface  it  is  raked 
off.  This  crude  oxide  is  grotmd  and  sized,  usually  by  air-flota- 
tion methods,  only  the  finest  particles  being  put  on  the  market. 
The  flotation  method  of  sizing  also  separates  any  particles  of 
metallic  tin.  Care  must  be  taken  that  the  air  and  tin  are  both 
hot  before  they  come  in  contact,  for  if  any  oxidation  takes  place 
at  low  temperatures,  black  monoxide  will  be  formed.  If  this  lies 
in  the  furnace  in  contact  with  hot  air,  it  will  be  readily  converted 
to  dioxide;  but  three  is  always  danger  that  some  black  monoxide 
will  be  taken  out  with  the  dioxide.  It  is  not  possible  to  separate 
the  monoxide  by  flotation  methods  since  it  has  about  the  same 
specific  gravity  as  the  dioxide. 
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Many  types  of  furnaces  have  been  proposed  for  preparing  tin 
oxide,  most  of  these  being  characterized  by  some  device  for 
preheating  the  air  to  be  used  for  oxidizing  the  tin.  Among  others 
may  be  mentioned  those  of  Foersterling  and  of  Wassennan  and 
Jaeger.  Foersterling  employs  a  reverberatory  furnace  using  for 
combustion  and  oxidation  air  that  has  been  preheated  by  being 
drawn  through  the  hot  walls  of  the  furnace.^''  Considerable 
amounts  of  tin  oxide  of  good  quality  are  made  in  this  country  by 
the  use  of  this  furnace.  Wasserman  and  Jaeger  blow  heated  air 
through  melted  tin  lying  in  a  muffle  connected  with  settling 
chambers.  The  oxide  of  tin  is  carried  to  these  chambers  as  fast 
as  it  is  formed.     This  process  was  patented  in  1885." 

Tin  oxide  is  also  made  in  this  country  by  injecting  hot  granu- 
lated tin  or  tin  vapor  into  furnaces  through  which  hot  air  is  being 
forced.*'*  The  tin  oxidizes  so  rapidly  that  it  actually  bums  to 
fumes  of  oxide  of  tin.  The  fumes  are  collected  and  at  the  same 
time  sized  in  collecting  chambers  followed  by  large  bags. 

In  recent  years  considerable  tin  oxide  has  been  prepared  from 
recovered  tin;  that  is,  tin  dissolved  from  tin  plate  scrap.  Owing 
to  the  difficulties  introduced  by  grease  and  other  impurities,  only 
clean  scrap  tin  plate  from  various  industries  has  been  utilized  suc- 
cessfully for  recovery  purposes  up  to  the  present  time.  The  solvent 
used  is  perfectly  dry  chlorine  gas.  Gaseous  tin  tetrachloride  is 
formed  and  condensed  by  passage  through  cooled  pipe  coils.  Oxide 
of  tin  can  be  made  from  the  stannic  chloride  by  precipitating 
hydrated  stannic  oxide  by  means  of  an  alkali,  washing  and  igniting 
to  form  stannic  oxide.  By  another  process  metallic  tin  is  pro- 
duced from  the  stannic  chloride  and  stannic  oxide  is  made  from 
this  by  the  dry  method.  Enamel  makers  have  been  inclined  to 
avoid  the  use  of  tin  oxide  made  from  recovered  tin,  but  large 
amounts  have  been  sold  and  used  in  this  country  for  making  high- 
grade  enamels,  often  without  the  user  knowing  the  source  of  the 
oxide. 

(6)  Characteristics  of  Tin  Oxides. — There  is  a  difference 
in  the  opacifying  power  and  tint  of  cast-iron  enamels  produced  by 
various  brands  of  tin  oxide  on  the  market.  Some  grades  give 
enamels  of  a  certain  opacity  when  10  per  cent  less  oxide  is  used 
than  of  other  grades.  In  using  certain  brands  there  is  a  decided 
tendency  for  the  enamels  to  be  cream  in  tint,  while  other  brands 

•>  U.  S.  patents  Nos.  780984  and  880873. 

**  German  patent  34653.  Kl  12. 

**  One  (orm  of  apparatus  is  described  in  U.  S.  patents  Nos.  813785  and  813786,  issued  to  L.  Fink-Huguenot. 
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give  blue  or  greenish  tints.  These  differences  are  noticeable  even 
when  both  brands  have  been  made  by  modifications  of  the  dry 
process.  The  cause  of  this  difference  is  diffcult  to  determine, 
since,  when  quantitative  chemical  analyses  are  made,  the  analyst 
almost  invariably  reports  practically  pure  tin  dioxide.  However,  he 
may  be  in  error  in  this,  for  the  usual  method  of  procedure  in  quanti- 
tative work  is  to  get  all  the  tin  compoimds  present  into  some 
soluble  form,  to  determine  the  amoimt  of  tin  in  the  solution,  and 
to  calculate  the  amount  of  tin  dioxide  to  which  this  is  equivalent. 
Of  course  in  this  method  of  working  all  tin  monoxide  and  even 
metallic  tin  are  reported  as  tin  dioxide. 

However,  some  brands  that  give  inferior  opacity  in  cast-iron 
enamels  produce  beautiful,  dense  sheet  steel  enamels  when  added 
at  the  mill.  This  would  seem  to  indicate  that  the  poor  showing 
of  these  brands  when  smelted  in  cast-iron  enamels  is  due  to  solution 
of  part  of  the  tin  oxide  during  the  smelting  process.  The  fact 
that  the  tin  oxide  acting  in  this  way  is  invariably  very  fine  grained 
strengthens  this  hypothesis.  The  opacity  produced  by  these 
brands  is  materially  increased  by  reducing  the  amount  of  alkalies, 
sodium  and  potassium  oxides,  in  the  enamels.  These  oxides  tend 
to  produce  translucent  sodium  and  potassium  stannates. 

Metallic  tin  and  coarse  granules  of  other  impurties  can  be  sepa- 
rated by  repeated  washing  and  decantation.  Ten  grams  of  the 
oxide  are  put  into  a  large  beaker  and  stirred  up  with  water.  After 
being  allowed  to  stand  for  lo  seconds,  all  the  freely  floating  sus- 
pension is  poured  or  decanted  off,  the  sludge  of  heavier  particles 
being  left  in  the  bottom  of  the  beaker.  More  water  is  added  and 
the  process  repeated  until  the  supernatant  liquid  becomes  clear 
within  lo  seconds  after  cessation  of  stirring.  In  the  bottom  of  the 
beaker  will  be  found  coarse  granules,  the  nature  of  which  can 
generally  be  determined  by  examination  with  a  good  magnifying 
glass  and  by  simple  qualitative  chemical  tests.  The  coarse  im- 
purities separated  in  this  way  usually  consist  of  pellets  of  metallic 
tin;  coarse  granules  of  tin  oxide,  which  usually  contain  a  pellet  of 
metallic  tin  in  their  center;  particles  of  iron  from  the  machinery 
used  in  preparing  the  oxide ;  and  granules  of  fire  brick  from  the 
furnaces  used  in  making  the  oxide. 

Aside  from  differences  in  amount  of  impiarities,  there  is  a  physical 
difference  in  tin  oxides.  The  oxide  prepared  by  the  old  wet 
method  is  very  dense,  a  given  sized  package  weighing  more  than 
twice  as  much  as  one  containing  tin  oxide  prepared  by  the  dry 
method.     This  seems  to  be  simply  a  difference  in  the  compactness 
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with  which  the  grains  of  the  two  kinds  of  oxide  can  be  packed 
together,  and  not  a  difference  in  the  specific  weight  or  density 
of  the  particles  of  tin  oxide  themselves.  Dense  oxide  of  tin  can 
be  substituted  pound  for  pound  in  place  of  oxide  of  tin  made  by 
the  dry  process  without  producing  any  noticable  difference  in  the 
opacity  of  the  enamels.  In  fact  there  is  likely  to  be  less  difference 
between  a  good  brand  of  wet  process  tin  oxide  and  a  good  brand  of 
dry  process  oxide  than  between  a  good  and  a  poor  brand  of  dry- 
process  tin  oxide. 

Tin  dioxide  is  an  amorphous  white  powder,  insoluble  in  water 
and  most  concentrated  acids,  but  soluble  in  concentrated  sul- 
phuric acid.  It  is  not  volatile  and  fuses  only  at  a  very  high  tem- 
perature. On  heating  it  becomes  yellow,  then  brown.  Fused 
with  sodium  carbonate  or  hydroxide,  it  forms  a  transparent  mass, 
sodium  stannate. 

3.  ANTIMONY  OXIDE 

The  chief  ore  of  antimony  is  the  trisulphide,  SbjSg,  known  as 
stibnite  or  needle  antimony.  This  is  a  gray  mineral  made  up  of 
long  slender  needles.  The  chief  sources  of  supply  are  China, 
Bolivia,  and  Himgary.  Beginning  with  19 15,  considerable  anti- 
mony has  been  produced  in  the  western  United  States.  Metallic 
antimony  is  made  from  this  ore  by  roasting  it  in  air  to  drive  out 
the  sulphur  and  form  the  tetroxide  and  then  reducing  this  to  the 
metal  by  roasting  it  with  carbon.  It  may  also  be  obtained  by 
heating  the  sulphide  with  iron. 

There  are  three  oxides  of  antimony,  the  trioxide,  SbjOj,  the 
tetroxide,  Sb204,  and  the  pentoxide  SbjOs.  The  trioxide  is  ob- 
tained by  roasting  metallic  antimony  with  a  restricted  supply  of 
air  and  collecting  the  volatile  oxide  in  settling  chambers,  or  by 
dissolving  the  metal  in  dilute  nitric  acid.  It  is  creamy  white  in 
color.  The  tetroxide  is  obtained  by  roasting  stibnite  with  plenty 
of  air.  When  pure  it  is  white  in  color,  but  some  commercial  brands 
are  light  gray,  owing  to  the  presence  of  fine,  dust-like  particles 
of  stibnite.  A  product  of  lighter  color  and  one  more  nearly  pure 
is  obtained  by  heating  metallic  antimony  with  plenty  of  air.  A 
tetroxide  of  good  quality  is  also  obtained  when  the  trioxide  is 
heated  in  air.  The  pentoxide  is  a  yellow  amorphous  powder  ob- 
tained by  heating  antimonic  acid.  Antimonic  acid  is  made  by 
vigorous  oxidation  of  metallic  antimony  with  nitric  acid.  Both 
the  trioxide  and  pentoxide  pass  into  the  tetroxide  when  heated 
to  redness. 
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The  cliief  impurities  found  in  antimony  oxides  are  pellets  or 
granules  of  antimony  sulphide,  in  oxides  made  direct  from  the 
ore,  and  granules  of  metallic  antimony  in  those  made  by  oxidizing 
the  metal  with  nitric  acid.  Both  of  these  impurities  can  be 
detected  by  washing  and  decanting  the  oxides  in  the  manner 
described  imder  tin  oxide. 

Oxide  of  antimony  produces  yellow  enamels  when  used  in 
compositions  high  in  lead  oxide.  For  producing  white  enamels, 
therefore,  it  must  be  used  in  compositions  containing  not  over 
10  per  cent  of  lead  oxide.  In  addition  to  control  of  the  lead 
content,  the  calcium  content  and  also  the  method  of  melting 
the  enamels  must  be  carefully  controlled.  These  factors  will  be 
discussed  under   antimony  enamel   compositions. 

4.  SODIUM  METANTIMONATE 

Sodium  metantimonate  is  sold  under  various  trade  names  such 
as  "leukonin"  and  "substitute".  By  the  original  method  of  Rick- 
mann  *"  it  is  made  by  fusing  a  mixture  of  antimony  oxide,  sodium 
hydroxide,  and  sodium  nitrate  with  a  considerable  amount  of 
some  inert  substance  such  as  sodium  chloride,  sulphate,  or  car- 
bonate. The  action  of  the  inert  flux  medimn  is  claimed  to  be 
piuely  mechanical,  preventing  the  fusing  together  of  the  antimon- 
ate.  It  has  been  found"  that  a  satisfactorj^  grade  of  sodium 
antimonate  can  be  made  without  tl:e  use  of  this  flux  medium.  In 
either  case,  after  the  fusion  the  melt  is  cooled  and  lixi\aated 
thoroughly  with  water.  Great  care  must  be  taken  to  remove 
the  last  traces  of  chlorides  and  sulphates.  Insufficient  w^asliing 
of  the  metantimonate  is  liable  to  cause  an  efflorescence  of  fine  white 
cr^'stalline  masses  on  the  ware  covered  with  enamel  made  from 
the  impure  antimonate.  Sodium  metantimonate  is  a  voluminous 
white  powder  having,  when  pirre,  the  formula  NaSbOj  or  NajO, 
SbjOj,  which  calls  for  84  per  cent  oxide  of  antimony.  As  sold  in 
this  country  the  sodium  metantimonate  content  varies  from  84 
to  97  per  cent.     Some  brands  seem  to  be  adulterated  with  kaolin. 

Sodium  metantimonate  must  be  used  in  the  same  sort  of  com- 
positions as  oxide  of  antimony.  These  compositions  will  be  dis- 
cussed under  sodium  antimonate  enamels. 

*6  German  patent  No.  134744.  Aug.  14,  1901. 

<^  Weimer,  U.  S.  patent  No.  932839,  Aug.  31,  1909;  Rickmann.  German  patent  No.  344830,  Aug.  36,19x1. 
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.    5.  ZIRCONIUM  COMPOUNDS 

Zirconium  is  found  occuring  naturally  as  zirconium  silicate, 
ZrSiO^,  and  zirconium  dioxide,  ZrO,.  The  chief  sotu-ce  of  supply 
is  Brazil.  Pure  zirconium  oxide  is  made  by  fusing  the  crude  ore 
with  sodium  bisulphate  and  precipitating  the  zirconium  from  the 
neutralized  aqueous  solution  by  aniline  sulphate.  It  is  a  volu- 
minous white  powder,  insoluble  in  most  acids,  even  hydrofluoric, 
but  dissolves  when  heated  in  a  mixture  of  two  parts  sulphuric 
acid  and  one  part  of  water. 

For  a  given  opacity  it  is  necessary  to  use  slightly  larger  amounts 
of  zirconium  oxide  than  of  tin  oxide.  The  enamels  produced  are 
of  a  slightly  yellow  tint  and  a  little  more  refractory  than  tin  oxide 
enamels  made  from  the  same  formula.  Up  to  the  present  time 
the  high  cost  of  zirconium  oxide  has  precluded  its  extensive  use. 

The  treatment  of  zirconium  silicate  for  the  production  of  an 
opacifier  has  become  of  importance.  The  natural  silicate  does 
not  act  as  a  strong  opacifying  agent,  probably  because  it  is  impos- 
sible to  grind  it  fine  enough.  However,  when  the  silicate  is  fused 
with  sodium  compounds  a  finely  divided  white  powder  is  formed, 
which  makes  a  very  satisfactory  opacifying  agent."  During  the 
process  of  fusion  and  lixiviation  part  of  the  silica  is  removed  and 
about  4  per  cent  of  sodium  oxide  and  lo  per  cent  of  water  are 
taken  up.  The  varying  percentage  of  titanium  dioxide  carried 
by  tlie  original  zirconium  silicate  is  retained.  The  improvement 
in  opacifying  power  is  probably  due  to  greater  fineness  of  grain 
rather  than  to  any  chemical  change.  This  material  has  been  sold 
to  a  hmited  extent  in  this  country,  under  the  trade  name  "terrar". 
It  is  necessary  to  use  a  slightly  larger  percentage  of  it  than  of 
tin  oxide  in  order  to  produce  enamels  of  the  same  density. 

6.  TITANIUM  OXIDE 

Titanium  oxide,  TiOj,  is  found  native  in  three  crystalline  forms 
as  the  minerals  rutile,  anatase,  and  brookite.  The  minerals  are 
always  colored  brown  or  black  by  iron  oxide.  The  separation 
of  this  iron  was  quite  a  problem  for  a  long  time  since  TiOj  and 
FejOa  react  similarly  to  most  chemical  reagents.  Methods  of 
doing  this  economically  have  been  found  in  the  last  few  years, 
and  now  pure  white  TiOj  is  available  for  opacifying  purposes  at 
moderate  prices.  One  of  the  most  satisfactory  methods  of  freeing 
iron-bearing  titanium  oxide  from  iron  oxide  is  to  conduct  chlorine 


*8  The  use  of  this  material  has  been  developed  by  the  Vereiniste  Chemsische  Fabriken,  Landau,  Kreidl, 
Heller  &  Co.    (See  French  patents  Nos.  439665,  450388,  and  463633.) 
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vapors  over  the  impure  titanium  dioxide  heated  to  redness.  The 
iron  is  entirely  volatilized  as  iron  trichloride,  leaving  snow-white 
titanium  dioxide.  It  is  very  similar  to  silicon  dioxide  in  its  action, 
readily  forming  titanates  when  fused  with  alkali  carbonates,  unless 
it  has  been  strongly  ignited. 

When  titanium  oxide  is  substituted  for  tin  oxide,  it  gives  yellow- 
ish enamels  that  are  more  refractory  than  the  tin  oxide  bearing 
glasses.  This  is  due  to  the  fact  that  titanium  oxide  is  slightly 
soluble  in  enamels,  and  any  that  goes  into  solution  acts  similarly 
to  silica,  rendering  the  enamels  more  refractory  and  more  liable 
to  cliip.  As  a  substitute  for  tin  oxide  it  has  the  advantage  over 
antimony  compounds  that  it  is  nonpoisonous.  The  use  of  barivun 
and  calcium  titanates  has  also  been  proposed.*' 

7.  SPINELS 

The  spinels  are  insoluble  aluminates.  The  use  of  these  as  opaci- 
fiers  is  an  old  idea,  but  it  is  only  recently  that  they  have  been 
seriously  considered.^"  Zinc  spinel  (ZnOAljOj)  and  magnesimn 
spinel  (MgOAloOs)  are  the  most  promising.  When  artificial  spi- 
nels of  these  compositions  are  calciaed  at  extremely  high  temper- 
atiu^es  so  as  to  be  practically  insoluble  in  molten  enamels  they 
make  satisfactory  opacifying  agents.  Most  of  the  spinels  put 
on  the  market  so  far  have  not  been  rendered  sufficiently  insoluble 
and  therefore  have  partially  dissolved  in  the  enamel.  This  has 
reduced  their  opacifying  power  and  at  the  same  time  raised  the 
fusion  point  of  the  enamels  quite  materially.  They  produce  pure 
white  enamels  of  high  gloss  and  are  both  cheap  and  nonpoisonous. 
The  use  of  spinels  as  opacifiers  has  many  desirable  features,  but 
at  present  must  be  considered  to  be  in  the  experimental  stage. 

8.  ARSENIC  OXIDE 

White  oxide  of  arsenic,  AS2O3,  was  formerly  used  as  an  opacifying 
agent.  Its  use  has  been  abandoned  by  all  progressive  enamel 
makers,  first,  because  it  is  a  deadly  poison  and,  second,  because 
it  causes  minute  pinholes  in  the  enamels  and  consequently  gives 
poor  luster,  when  used  in  amounts  sufficient^ to  give  good  opacity. 
A  very  small  amount  of  arsenic  oxide  improves  the  luster  of  most 
enamels  and  glasses,  but  the  use  of  any  amount  is  dangerous  to 
the  health  of  the  men  who  make  the  enamel  and  apply  it  to  the 
ware.  Oxide  of  arsenic  enamels  may  be  recognized  by  their  bluish 
translucent  border. 

"  English  patent  No.  1J583. 

M  Mayer,  M..  and  Havas.  B..  U.  S.  patent  No.  1104266,  1914;  Heilman,  E.,  English  patent  No.  26498.  1914. 
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9.  FLUORIDES 

The  action  of  fluorides  as  accessory  opacifiers  has  been  dis- 
cussed under  fluorspar  among  the  fluxes.  Since  moUen  fluorides 
are  not  readily  mixable  with  or  soluble  in  enamel  glasses,  it  is 
probable  that  the  opacity  is  due  to  globules  of  melted  fluorides, 
or  glass  high  in  fluorides,  which  have  a  different  index  of  refraction 
from  the  body  of  the  glass  in  wliich  they  are  suspended.  If  this 
is  the  case,  the  opacity  is  produced  in  the  same  way  as  that  brought 
about  by  the  true  opacifiers. 

10.  BONE  ASH  AND  OTHER  PHOSPHATES 

The  phosphates  are  even  less  soluble  in  molten  glasses  than  the 
fluorides.  As  the  phosphoric  acid  radical  is  driven  out,  and  the 
bases  with  which  it  is  combined  go  into  solution,  the  opacity  dis- 
appears. It  seems  very  Hkely  that  the  opacity  brought  about 
by  the  phosphates  is  produced  in  the  same  way  as  that  due  to 
fluorides. 

Bone  ash  is  made,  as  the  name  impUes,  by  bimiing  bones.  It  is 
composed  of  about  80  per  cent  calcium  phosphate  Ca3(P04)2,  the 
remainder  being  magnesium  phosphate,  calcium  carbonate,  and 
calcium  fluoride.  It  is  generally  light  gray  in  color  due  to  traces 
of  carbon  left  in  the  burning.  Impure  calcium  phosphate  in  com- 
bination with  calcium  fluoride  occurs  in  vast  quantities  as  apatite, 
the  mineral  from  which  phosphate  fertilizers  are  made.  As  far  as 
can  be  learned  this  mineral  has  been  found  too  impure  to  use 
directly  in  enamel. 

Nearly  pure,  precipitated  calcium  phosphate  is  produced  by 
adding  sodium  phosphate  to  a  solution  of  calcium  chloride.  This 
salt  is  piure  white  in  color,  but  may  contain  traces  of  calcium 
chloride.  Calcium  phosphate  is  soluble  in  many  salt  solutions, 
such  as  those  of  sodium  chloride  and  sodium  nitrate.  It  is  readily 
soluble  in  all  strong  acids. 

Bone  ash  and  precipitated  calcium  phosphate  have  long  been 
known  to  have  some  opacifying  power  in  enamels.  However, 
when  enough  of  either  is  used  to  have  any  marked  effect  in  making 
enamels  opaque,  it  causes  dull  luster  by  producing  minute  pin- 
holes, especially  on  vertical  surfaces.  This  is  no  doubt  due  to  the 
volatilization  of  phosphorus  pentoxide  (P2O5).  Both  materials 
produce  enamels  that  chip  and  bUster  readily  if  not  carefully 
manipulated.  One  or  two  per  cent  of  one  or  the  other  is  the  most 
that  can  be  used  satisfactorily  in  enamels  for  cast  iron.  They 
are  used  to  a  slight  extent  as  accessory  opacifiers. 
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Many  attempts  have  been  made  to  use,  by  patented  methods, 
bone  ash,  precipitated  calcium  phosphate,  and  other  phosphates 
as  opacifying  agents  in  enamels.^'  Hermsdorf  and  Wagner  "  use 
a  mixture  of  two  enamels,  one  containing  phosphoric  acid  and 
the  other  calcium  in  some  form  other  than  the  phosphate.  In 
another  patent,^'  it  is  proposed  to  use  barium  or  strontium  phos- 
phate in  place  of  calcium  phosphate.  Wagner  "  proposes  the  use 
of  a  rather  infusible  enamel  which  contains  calcium  phosphate 
with  an  easily  fusible  one  which  contains  no  phosphate.  Traines  ^^ 
melts  alkaline  phosphates  \vith  fluorspar  to  produce  an  opacify- 
ing medium.  He  also  suggests  ^^  the  substitution  of  alkaline 
phosphates  wholly  or  partially  for  cryolite  and  borax  in  the 
enamel  and  the  elimination  of  alkaline  earths.  Knospel  "  goes 
to  the  other  extreme  and,  in  enamels  depending  on  calcium  phos- 
phate for  opacity,  replaces  potassium  carbonate  by  barium  com- 
pounds. In  addition  to  calcium,  sodium,  and  strontium  phos- 
phates and  phosphoric  acid,  the  use  of  lead  and  barium  phosphates 
have  been  proposed  at  various  times. 

Notwithstanding  these  various  attempts  to  develop  methods  of 
employing  phosphates  as  opacifiers  in  enamels,  they  have  never 
had  any  extended  use.  The  fundamental  difficulty  seems  to  be 
that  the  opacity  is  dependent  on  the  presence  of  the  phosphoric 
acid  radical  and  this  is  volatile  at  high  temperatures  in  melts 
containing  silica  or  silicates.  Just  as  sulphuric  acid  will  replace 
and  drive  out  of  combination  hydrochloric  acid  at  ordinary  tem- 
peratures, so  silicic  acid  replaces  and  drives  out  phosphoric  acid 
at  high  temperatures. 

IV.  ENAMEL-MAKING  DEPARTMENT 

The  enamel-making  department,  usually  known  as  the  "mill 
room,"  comprises  facilities  for  storing,  weighing,  and  mixing  raw 
chemicals,  furnaces  for  melting  the  enamels,  enamel  dryers,  and 
mills  for  grinding  and  sifting  the  enamel. 

1.  STORING,  WEIGHING,  AND  MIXING  RAW  MATERULS 

The  relative  arrangement  of  these  various  parts  can,  of  course, 
be  varied  at  will.  A  commonly  used  and  convenient  arrangement 
is  a  three-story  building  with  the  melting  furnaces  at  one  side  or 

^'  Grunwald.  Julius.  Raw  Materials  of  the  Knamel  Industry,  p.  128. 
"  German  patent  No.  166672. 
"  German  patent  No.  186423. 
M  German  patent  No.  1 79440. 
"  United  States  patent  No.  589544. 
"  German  patent  No.  81754. 
.  "  German  patent  No.  133943. 
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end.  The  crude  raw  materials  are  stored  on  the  third  floor. 
There  they  are  sifted  by  mechanical  riddles  and  are  then  fed  into 
chutes  leading  to  bins  on  the  second  floor.  The  sifting  not  only 
removes  any  nails,  pieces  of  twine,  etc.,  that  may  have  gotten 
into  the  raw  materials,  but  also  serves  to  break  up  the  lumps  that 
commonly  form  in  powdered  chemicals.  The  absence  of  lumps 
greatly  facilitates  the  fusion  of  the  enamel  to  a  homogeneous 
glass. 

On  the  second  floor  the  batches  are  weighed  and  mixed.  In 
one  arrangement  the  bins  are  built  in  a  long  row  with  their  bot- 
toms a  few  feet  above  the  floor  level.  A  set  of  scales  on  wheels 
runs  on  a  track  in  front  of  this  row  of  bins.  The  chemicals  can  be 
scraped  by  a  hoe  as  desired  from  the  various  bins.  Gravity  feed 
of  the  powdered  chemicals  into  the  weighing  box  has  not  proved 
successful.  Part  of  the  time  they  stick  and  do  not  feed  at  all, 
and  the  rest  of  the  time  they  come  down  with  a  rush.  This  sys- 
tem eliminates  all  shoveling,  but  entails  considerable  moving  of 
the  scales  and  partially  completed  mix  back  and  forth.  In  another 
system,  the  bins  are  arranged  in  a  circle  around  the  scales.  The 
chemicals  can  be  scraped  into  the  weighing  box  by  means  of  a 
hoe  and  troughs,  but  often  are  simply  shoveled  in.  Multiple- 
beam  scales,  weighing  at  least  six  ingredients  with  a  single  setting, 
are  commonly  used. 

The  mixing  of  the  raw  batch  should  be  very  thorough.  With 
small  batches  this  is  often  done  by  "cutting"  the  completed  mix 
with  shovels.  Care  should  be  taken  to  see  that  each  shovelful 
of  the  mix  is  actually  turned  over  in  each  of  at  least  three  cut- 
tings. After  this  the  whole  mix  should  be  nm  through  as  fine  a 
riddle  as  possible.  With  large  batches  mechanical  mixers  of 
various  types  are  employed.  In  general  it  may  be  said  that 
batch  mixers  are  more  satisfactory  than  continuous  ones;  and 
that  the  drum  type,  in  which  the  whole  mix  is  thrown  over  and 
over,  is  better  than  the  trough  type,  in  which  mixing  blades 
travel  through  the  batch  lying  in  a  stationary  container.  In  con- 
tinuous mixers,  the  portion  fed  into  the  machine  first  comes  out 
first;  therefore,  the  batch  as  a  whole  is  never  blended.  When 
dependence  is  placed  on  mixing  blades  in  a  stationary  trough  or 
a  fixed  container  of  other  shape,  a  layer  next  to  the  shell  is  not 
mixed  in  with  the  rest. 

A  simple  and  efficient  batch  mixer  of  the  drum  type  consists 
of  a  ball  mill  without  any  balls.  A  lining  is  not  necessary.  If 
desired,  three  or  four  stout  bars  may  be  inserted  midway  between 
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the  circumference  and  axis  and  extending  from  one  end  of  the 
mill  to  the  other.  These  are  not  necessary;  neither  are  shelves 
to  carry  the  mix  up  the  sides  of  the  mill.  If  a  batch  not  filling 
the  mill  over  two-thirds  full  is  run  at  a  proper  speed  for  five 
minutes  in  a  plain  ball  mill  without  balls,  it  will  be  found  to  be 
very  thoroughly  mixed. 

A  convenient  location  for  the  mixer  is  below  the  floor  level  of 
the  weighing  floor,  but  above  the  level  of  the  top  of  the  melting 
fiu-naces.  If  not  more  than  three  furnaces  are  to  be  fed  from 
one  mixer  and  these  are  built  close  together,  the  material  may 
be  dumped  into  a  stationary  hopper  and  fed  into  the  top  of  the 
furnaces  by  spouts.  The  angle  of  the  feed  spouts  with  the  hori- 
zontal should  be  at  least  60°.  When  the  material  is  to  be  carried 
a  greater  distance,  a  hopper-bottomed  car  or  lorry  running  over 
the  tops  of  the  furnaces  is  convenient.  The  sides  of  this  hopper 
should  also  form  an  angle  of  at  least  60°  with  the  horizontal.  It 
is  too  hot  on  top  of  a  furnace  to  permit  dislodging  material  that 
sticks  in  a  hopper  or  spout. 

2.  MELTING  THE  ENAMEL 

(o)  Melting  Furnaces. — The  fiu-naces  used  for  melting  enamel 
are  of  the  reverberatory  type.  They  are  similar  to  the  ordinary 
potter's  frit  kiln  ^^  but  are  larger;  some  hold  over  2  tons  of  melted 
enamel.  They  are  simply  large  boxes  with  incUned  bottoms 
and  low  arched  roofs.  The  raw  material  is  fed  in  batches  at 
the  top,  or  side,  and  drawn  off  periodically  from  a  tap  hole  on 
one  side.  Many  efforts  have  been  made  to  operate  melting  fur- 
naces continuously,  but  up  to  the  present  time  without  much 
success.  The  heat  is  obtained  from  a  flame  passing  across  the 
kiln  just  beneath  the  roof.  Various  attempts  have  been  made 
to  build  frit  kihis  that  would  be  heated  from  below  without  con- 
tact of  the  combustion  gases  with  the  frit,  but  no  material  has 
been  found  that  will  transmit  the  heat  readily  and  yet  resist 
the  intense  corroding  action  of  the  molten  frit. 

In  Fig.  I  are  sho^v^  drawings  of  a  frit  furnace  used  in  several 
plants.  It  will  be  noticed  that  the  arch  of  this  furnace  does  not 
drop  down  as  it  approaches  the  end  away  from  the  fire.  A  drop- 
ping arch  is  more  expensive  to  build  than  a  straight  one,  and 
proper  approach  of  the  flame  to  the  melt  can  be  obtained  by 
regulation  of  the  height  of  the  arch  as  a  whole,  the  slope  of  the 
floor,  and  the  outlet  of  the  chimney.     In  another  type  of  furnace 

»  Mayer.  Ernest,  Trans.  A.  C.  S.,  2,  p.  196- 
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the  position  of  the  melting  chamber  is  reversed  from  that  shown 
in  these  drawings,  the  flame  traveling  across  the  short  dimension. 
In  that  type  the  extraction  of  heat  from  the  flame  is  not  quite 
as  complete  as  in  the  case  where  the  flame  travels  lengthwise 
of  the  melting  chamber.  Where  the  furnaces  are  used  with  oil 
or  gas  for  fuel  part  of  the  fire  box  is  bricked  up  and  a  checkerwork 
of  fire  brick  is  placed  on  top  of  the  brick  filHng. 

In  some  cases  a  second  melting  chamber  for  melting  grotmd- 
coat  glass  has  been  built  on  to  the  cold  end  or  side  of  the  enamel 
melting  chamber,  the  idea  being  to  utiUze  some  of  the  heat  that 
ordinarily  goes  up  the  chimney  for  melting  the  ground -coat  glass. 
These  have  not  proved  very  successful,  mainly  because  the  heat 
obtained  is  not  sufficient  to  do  much  melting,  and  supplementary 
burners  have  to  be  installed.  When  the  bridge  wall  between 
the  two  melting  chambers  is  not  built  hollow,  the  glass  from  one 
tank  works  through  into  the  other.  The  melting  tank  for  ground 
coat  should  be  built  like  that  for  the  cover  coat,  but  may  be 
smaller.  For  ground-coat  glasses  that  are  to  be  drawn  while  vis- 
cous, the  tap  hole  may  be  left  about  4  inches  square  and  stopped 
up  by  a  couple  of  wedge  brick.  Sometimes  ground-coat  glass  is 
melted  simply  to  a  very  viscous  mass  in  scrap  sinks,  placed  in 
the  hottest  part  of  an  enameling  furnace  for  18  to  24  hours. 

For  melting  enamels,  natural  gas,  producer  gas,  or  oil  should 
be  used  for  fuel.  When  coal  and  coke  are  used  too  much  dust 
and  ash  are  deposited  on  the  melting  enamel.  Whatever  kind  of 
fuel  is  used,  the  flame  should  be  thoroughly  oxidizing;  that  is,  a 
blue  flame  free  from  smoke  and  incandescent  carbon  which  makes 
a  yellow  flame.  The  least  fuel  is  used  when  the  draft  is  so  regu- 
lated that  the  tip  of  the  flame  reaches  just  across  the  fiunace. 
A  shorter  flame  means  that  too  much  air  is  being  used  for  economy 
and  a  longer  one  means  that  the  stack  instead  of  the  enamel  is 
being  heated. 

(6)  The  Melting  Process. — After  the  raw  enamel  batch  is 
put  into  the  melting  tank,  it  is  pushed  back  against  the  walls 
in  every  direction  from  the  tap  hole.  This  is  done  because  the 
deepest  part  of  the  melting  tank  is  at  the  tap  hole,  and  if  the  top 
of  the  charge  is  made  level  it  is  difficult  to  melt  the  material  deep 
down  near  the  tap  hole.  In  the  cotu-se  of  one  to  four  hours,  de- 
pending on  the  size  of  the  batch,  the  melting  is  finished.  The 
amount  of  stirring  that  should  be  done  during  the  melting  de- 
pends on  the  uniformity  of  the  mixing  of  the  raw  batch,  the  type  of 
furnace,  and  the  kind  of  enamel.     The  finer  the  grain  of  the  mate- 
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rials  composing  the  batch  and  the  more  uniformly  they  are  blended, 
the  less  the  necessity  for  stirring.  If  a  furnace  of  large  capacity 
compared  to  the  size  of  tlie  batch  is  used,  so  that  the  material 
can  be  spread  out  in  a  thin  layer,  stirring  is  not  so  necessary. 
Using  thoroughly  blended  batches  and  large-capacity  furnaces, 
the  author  seldom  found  it  necessary  to  stir  tin  enamels.  In 
order  to  get  uniform  color  in  antimony  enamels  the  mix  must 
nearly  always  be  stirred  toward  the  end  of  the  melting  period. 

The  objection  to  stirring  enamels,  aside  from  the  small  amount 
of  labor  involved,  is  contamination  of  the  melt  with  iron  from  the 
stirring  rods.  It  has  been  found  that  cheap  tool-steel  rods  give 
less  scale  than  rod  irons.  The  enamel  adhering  to  the  rods  should 
never  be  broken  off  into  the  tank  used  for  holding  good  enamel. 
If  the  rods  are  chilled  in  a  separate  barrel  of  water,  the  dirty  enamel 
may  be  saved  and  remelted  with  a  new  batch.  In  order  to  avoid 
stirring  of  the  enamel  one  company,  which  makes  steel  tanks, 
goes  to  the  length  of  melting  the  enamel  in  what  is  virtually  a 
large  rocking  ladle. 

Tin  enamels  are  nearly  always  tapped  off  within  a  few  minutes 
after  bubbling  ceases.  It  was  formerly  held  that  this  was  neces- 
sary in  order  to  prevent  the  enamel  from  overheating  and  be- 
coming contaminated  with  metallic  lead  and  tin.  With  better 
control  over  and  understanding  of  our  fires,  we  find  that  this 
reduction  was  not  due  to  overheating  but  to  reducing  conditions 
in  the  flame  and  combustion  gases  used  for  melting.  With  a 
good  clear  blue  flame  a  tin  enamel  may  be  heated  for  hotu-s  after 
bubbling  ceases  without  changing  color.  As  explained  in  another 
section,  the  tint  of  antimony  enamels  varies  greatly  with  the 
amotmt  of  heating  which  they  undergo.  All  enamels  which  de- 
pend partly  on  fluorides,  especially  fluorspar  for  opacity,  become 
less  opaque  on  continued  heating. 

3.  DRYERS 

The  enamel  is  tapped  out  into  a  large  tank  into  which  a  supply 
of  cold  water,  amply  sufl[icient  to  chill  it,  is  running,  and  is  then 
taken  to  the  dryers.  One  type  of  enamel  dryer  consists  of  a  large 
revolving  iron  drum  with  a  fire  beneath  it.  A  certain  amount  of 
fine  iron  scale  is  grotmd  off  this  dnmi  into  each  batch  of  enamel. 
In  other  cases  the  enamel  is  dried  in  thick  layers  in  large  pans 
heated  by  waste  gases  from  a  furnace  or  melting  tank  or  by  a 
separate  fire.  The  enamel  must  be  stirred  in  order  to  get  it  dried 
133621°— 19 5 
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in  a  reasonable  length  of  time  and  to  prevent  it  from  sticking  to 
the  pans,  which  become  quite  hot. 

Still  another  method  is  to  spread  the  enamel  in  thin  layers  in 
pans  placed  on  racks  in  large  drying  cupboards.  These  are  gen- 
erally heated  by  gas.  No  stirring  is  necessarj^,  and  there  is  little 
contamination  of  the  enamel,  but  the  amount  of  room  devoted  to 
drying  must  be  large.  Rotary  dryers  have  been  built,  which  are 
lined  witli  porcelain  blocks  and  have  projecting  shelves  made  by 
inserting  rows  of  deeper  porcelain  blocks.  These  are  heated  by 
blowing  hot  air  through  them.  They  must  be  made  qmte  large 
compared  to  their  capacity,  for  if  the  blast  of  air  traveling  through 
them  is  strong  it  blows  out  all  the  fine  particles  of  enamel. 

4.  GRINDING  MACHINERY 

Ball  mills  are  used  almost  universally  for  grinding  enamel. 
Porcelain  brick  are  nearly  always  used  for  lining.  Formerly 
flint  pebbles  were  used  for  grinding,  but  in  late  years  the  use  of 
hard-burned  porcelain  balls  has  largely  superseded  them.  Any 
particles  ground  off  the  balls  show  up  less  in  the  enamel  than 
similar  particles  from  the  dark  flint  pebbles,  and  when  a  good 
grade  of  porcelain  is  used  the  balls  wear  less  than  the  pebbles. 
While  ver}'  hard  and  resistant  to  abrasion,  the  pebbles  are  brittle, 
and  are  often  destroyed  by  spHtting.  The  balls  are  worn  down  by 
abrasion  a  little  more  rapidly  than  the  pebbles,  but  seldom  spHt. 
Mills  of  from  250  pounds  to  3000  pounds  capacity  per  charge  are 
used.  The  size  is  largely  a  matter  of  choice,  as  some  of  the  largest 
plants  use  the  smallest  mills.  Often  large  and  small  mills  will 
be  used  in  the  same  plant.  Some  enamel  makers  claim  that  with 
small  mills  there  is  less  contamination  of  the  enamel  by  abrasion 
of  the  linings  and  balls;  but  this  is  largely  a  matter  of  proper  regul- 
ation of  the  charge  and  speed  of  tlie  mill.  Large  mills  require 
less  labor  for  a  given  capacity. 

In  a  few  cases  continuous  ball  mills,  or  tube  mills,  have  been 
used.  These  have  not  proved  very  satisfactory,  mainly  because 
the  output  is  small  compared  to  the  amount  of  power  used  and 
the  money  invested  in  the  machines.  The  charge  in  a  tube  mill 
does  not  more  than  half  fill  the  machine,  while  in  ball  mills  the 
charge  usually  fills  the  machine  to  75  per  cent  of  its  capacity. 
Hence  the  charge  in  the  ball  mills  is  more  nearly  balanced  on 
the  center  of  gravity  of  the  machine  and  at  the  same  time  is 
larger,  which  results  in  a  greater  output  for  a  given  amount  of 
power  and  volume  capacity  of  mills. 
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Whatever  type  or  size  of  mill  is  used,  great  care  should  be 
taken  to  see  that  no  metal  is  exposed  to  abrasion.  This  is  most 
likely  to  occur  around  the  door  frames.  The  resulting  contam- 
ination of  the  glass  causes  black  specks,  which  are  especially 
noticeable  in  antimony  enamels.  Care  should  also  be  taken  to 
prevent  contamination  of  the  enamel  by  grease  and  dirt  from 
pulleys,  belts,  and  bearings.  The  wear  on  linings  and  balls  will 
be  lessened  and  the  contamination  from  that  soiu-ce  greatly 
reduced  if  arrangements  are  made  to  empty  ball  mills  while  they 
are  nmning  at  a  very  slow  speed. 

Cover  enamels  are  groimd  dry  to  a  fineness  such  that  they  will 
pass  a  6o-mesh  sieve.  Groimd-coat  enamels  usually  are  ground 
wet  to  extreme  fineness. 

5.  SCREENS 

In  a  few  plants  the  enamel  is  not  really  screened  in  the  mill 
room,  but  is  simply  shoveled  through  a  coarse  riddle  to  take  out 
lumps  of  enamel  and  small  pieces  of  mill  lining  and  stones.  It 
has  been  found  that  the  small  amotmt  of  coarse  material  in  the 
enamel  powder  seriously  interferes  with  the  speed  of  appUcation 
of  the  enamel,  and  at  most  plants  all  enamel  is  screened  in  the 
mill  room.  The  screen  wire  used  is  commonly  about  10  meshes 
finer  than  that  used  in  the  dredges;  that  is,  the  sieves  used  in 
applying  the  enamel  to  the  castings. 

Various  types  of  screens  are  used,  revolving  screens  probably 
being  the  mos.t  common.  In  order  to  get  the  enamel  powder 
through  these  they  must  be  jarred.  Formerly  this  was  commonly 
done  by  an  iron  hammer  hitting  on  a  ring  of  iron  knobs  encircling 
the  center  of  the  screen.  With  the  introduction  of  antimony 
enamels,  it  was  found  that  the  contamination  of  the  enamel  by 
specks  of  metal  from  these  knobs  and  the  hammer  was  very  notice- 
able. The  use  of  rawhide  hammers  reduced  the  dirt  somewhat 
and  changed  the  specks  from  iron  specks  to  carbon  specks,  pro- 
duced by  particles  of  rawhide.  Various  expedients  have  been 
employed  to  overcome  this  trouble  with  revolving  screens,  the 
most  practicable  of  which  seems  to  be  the  placing  of  the  beater 
ring  and  hammer  at  one  end  of  the  screen  frame  beyond  the 
screening  area.  This  eliminates  the  dirt  but  cuts  down  the  capac- 
ity of  the  screen,  since  the  jarring  action  is  greatly  reduced. 

Another  screen  is  of  the  reciprocating  type.  A  flat  screen  is 
himg  from  a  frame  by  wire  cables  and  made  to  move  back  and 
forth  by  a  short-stroke  a'r  motor  such  as  is  used  for  foiuidry 
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riddles.  Such  a  screen  is  clean  and  well  suited  to  plants  of  mod- 
erate capacity.  To  keep  down  dust,  it  may  be  inclosed  in  a 
cabinet,  the  motor  being  placed  on  the  outside.  Of  course  the 
air  motor  may  be  replaced  by  a  belt-driven  eccentric  or  any  other 
mechanical  device  that  will  give  a  reciprocating  motion. 

A  sifter  adapted  from  the  flour-mill  industry  has  a  combined 
rotary  and  sliding  movement.  An  oblong  screen  is  set  in  a  box 
with  a  solid  bottom.  One  end  of  this  box  runs  on  rollers,  while 
the  other  end,  which  is  slightly  higher,  is  supported  by  a  ball  and 
socket  joint  on  the  end  of  a  pin  set  eccentrically  on  a  horizontally 
running  wheel.  The  sifter  is  operated  by  power  applied  by  an 
adjustable  friction  drive.  As  the  pulley  revolves,  the  upper 
end  of  the  box  takes  a  rotary  motion  while  the  lower  end 
runs  back  and  forth  on  the  rollers.  The  horizontal  pulley,  and 
of  course  the  iipper  end  of  the  box,  make  about  230  revolutions 
a  minute.  The  enamel  passing  through  the  screen  slides  down 
the  inclined  bottom  of  the  box  and  out  through  a  chute  at  the 
lower  end.  The  coarse  material  passes  out  through  a  similar 
chute  at  the  lower  end  of  the  screen.  Since  all  wearing  surfaces 
in  this  machine  are  below  the  floor  of  the  box  in  which  the  enamel 
is  sifted  and  caught,  there  is  no  contamination  of  the  enamel 
powder  from  that  soiure.  The  capacity  of  this  screen,  as  well 
as  the  sliding  screen  previously  described,  may  be  materially 
increased  by  attaching  to  the  screen  frame  a  compressed  air  vibra- 
tor, such  as  is  used  for  vibrating  molds  in  foundries. 

V.  CALCULATION  OF  ENAMEL  FORMULAS 
1.  METHODS  OF  EXPRESSING  FORMULAS 

In  order  to  compare  a  number  of  enamel  formulas  they  must  be 
reduced  to  some  common  form.  The  most  commonly  used  forms 
are:  Percentage  amounts  of  raw  materials,  calculated  percent- 
age amounts  of  melted  materials,  and  empirical  chemical  formulas. 

The  use  of  percentage  amounts  of  raw  materials  is  essentially 
the  same  as  the  use  of  a  raw  batch  of  a  given  weight.  It  is  the 
simplest  of  all  methods,  has  been  used  for  hundreds  of  years 
by  men  who  were  able  to  get  results,  and  is  still  used.  When  the 
number  of  ingredients  is  small,  and  the  variations  to  be  made  are 
not  large,  the  system  works  fairly  well.  When  the  reverse  of 
these  conditions  is  encountered  and  especially  when  the  amoimt 
of  volatile  matter  varies,  the  difficulties  of  drawing  accurate  con- 
clusions as  to  the  effect  of  variation  in  percentage  amounts  of  raw 
batch  become  great. 
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Below  are  given  the  raw  batches,  in  parts  per  thousand  raw,  of 
two  enamels. 


Enamel  II: 

Potash  feldspar 334 

Sodium  nitrate 24 

Boric  acid 179 

Borax 19S 

Zinc  oxide 102 

Cryolite 98 

Tin  oxide 68 


Enamel  V: 

Potash  feldspar 334 

Sodirmi  nitrate 22 

Soda  ash 44 

Borax 147 

Barium  carbonate 66 

Zinc  oxide 55 

Red  lead 154 

Fluorspar 106 

Tin  oxide 75 


According  to  these  formulas  enamel  II  contains  the  same 
amount  of  feldspar  as  enamel  V  and  less  fluoride  and  tin  oxide. 
By  reference  to  the  section  on  tin  enamel  compositions,  where 
these  two  formulas  are  given  in  percentage  of  melted  materials, 
we  find  that  in  the  melted  batches  enamel  II  contains  more 
feldspar  than  enamel  V  and  practically  the  same  amotmts  of 
fluoride  and  tin  oxide.  A  looo-povmd  raw  batch  of  enamel  II  will 
yield  approximately  814  pounds  of  enamel,  while  a  1 000-pound  raw 
batch  of  enamel  V  \vill  yield  approximately  890  potmds  of  enamel. 
In  each  case  there  will  be  a  small  reduction,  amounting  to  from 
2  to  4  per  cent,  due  to  mechanical  loss  in  handling. 

In  the  use  of  calculated  percentage  amoimts  of  melted  materials 
the  size  of  the  raw  batch  varies,  but  the  amount  of  enamel  pro- 
duced per  batch  remains  constant.  This  system  has  several 
advantages.  First,  melting  tanks,  dryers,  mills,  etc.,  can  always 
be  worked  to  full  capacity.  Second,  the  cost  per  poimd  of  the 
enamel  can  be  determined  directly  from  the  cost  of  the  raw  batch. 
Third,  the  relations  of  the  various  ingredients  in  the  enamel  are 
not  obsctured  by  the  presence  of  variable  amounts  of  volatile 
ingredients.  Fourth,  minerals  such  as  feldspar  and  fluorspar 
can  be  treated  as  such  and  not  be  distributed  into  various  oxides 
as  is  the  case  when  empirical  formulas  are  used.  The  physical 
condition  of  the  raw  materials  and  the  state  of  aggregation  of  the 
various  elements  entering  into  an  enamel  batch  have  a  decided 
effect  on  the  properties  of  the  enamel." 

Empirical  chemical  formulas  are  derived  from  the  calculated 
analyses  of  the  melted  enamels.  They  are  expressed  in  terms  of 
so-called  chemical  molecules.     They  are  much  used  in  glaze  work 


&3  Grimwald.  Julius,  The  Technology  of  Iron  Enameling  and  Tinning,  p.  21. 
A.  C.S..10.P,  114. 


Staley,  Homer  F..  Trans. 
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and  to  some  extent  in  enameling.     Those  who  use  them  claim 
that  various  ratios  in  the  formulas  are  important."" 

In  this  treatise  we  have  given  enamel  formulas  in  three  forms: 
Raw  batch  for  looo  pounds  melted  enamel,  calulated  percentage 
composition  of  the  melted  enamel,  and  empirical  chemical  formu- 
las. Since  the  calculations  employed  in  deriving  these  various 
forms  from  a  batch  recipe  are  rather  involved  and  not  well  known 
to  some  enamel  makers,  we  will  give  as  a  typical  example  the  com- 
plete figure  for  enamel  VI. °' 

2.  EXAMPLE  OF  CALCULATION 

The  first  step  is  to  obtain  the  calculated  melted  weight  of  the 
batch  recipe.  In  the  section  on  raw  materials  the  percentage 
composition  and  the  volatile  parts  of  the  various  raw  materials 
have  been  given.  The  melted  weights  are  obtained  by  multiply- 
ing the  raw  weight  by  the  fractional  part  not  volatile.  In  the 
absence  of  chemical  analyses,  all  materials  are  considered  pure. 
For  cast-iron  enamel  formulas  no  fluorine  is  supposed  to  be  lost. 
The  volatile  radicals  are  carbon  dioxide  from  carbonates,  water  of 
chemical  combination  in  various  materials,  and  nitrogen  pent- 
oxide  (N2O5)  from  nitrates. 

The  factory  recipe  for  the  enamel  is  shown  in  (i).  From  (2) 
we  find  that  the  calculated  melted  weight  from  this  raw  batch  is 
666  potmds.  Since  we  want  a  raw  batch  that  will  give  1000 
pounds  melted,  we  divide  1000  by  666  in  order  to  get  a  factor  by 
which  each  quantity  in   (i)   must  be  multiplied.     Our  factor  is 

----  =  1.5,  and  the  products  are  shown  in  (3). 
666 

In  obtaining  the  percentage  composition,  melted,  the  first  step 

is  to  divide  the  values  given  in  (3)  by  10,  so  as  to  obtain  the  raw 

batch  for  100  pounds  melted.    This  gives  column  (4).    The  amoxmt 

of  each  material  present  in  (4)  is  then  multiplied  by  the  fractional 

part  each  of  the  nonvolatile  ingredients  constitutes  of  the  whole. 

These  factors  are,  of  course,  obtained  by  dividing  the  percentages 

by  100.    The  products  are  shown  in  (5). 

60  Landniin,  R.  D..  Trans.  A.  C.S.,  14,  p.  493;  Griinwald.  Julius,  The  Technology  of  Iron  Enameling  and 
Tinning,  p.  46.  In  a  later  publication.  Raw  Materials  of  the  Enameling  Industry,  p.  206,  Griinwald  states 
that  the  use  of  percentage  weights  is  better  and  more  usual. 

61  For  ceramic  calculations  in  general,  see  Trans.  A.  C.  S.,  2;  Jackson,  W.,  Ceramic  Calculations:  Griin- 
wald, Julius.  Technology  of  Iron  Enameling  and  Tinning,  Chapter  X. 
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(2) 

(3) 

w 

CS) 

Factory  recipe 

(1) 

Factor 

Melted 
weights 

Raw 
batch  for 

1000 
pounds 
melted 

Raw 
batch 
for  100 
pounds 
melted 

Factor 

Percentage  composition 
melted 

Potash  feldspar... 

255 

X 

1.0 

=       255.0 

380 

38.0 

X 
X 
X 

00. 647 
.184 
.169 

= 

24.58  silica 
7.00  alumina 
6. 42  potassium  oiide 

Soda  ash . . 

20 

V 

.58 

—         11.5 

30 

3  0 

V 

.580 

^j 

1  741 

Sodium  nitrate . . . 

20 

X 

.365 

7.3 

30 

3.0 

X 

.365 

= 

1.09 16.31  sodium  oxide 

Borax 

144 

y 

.53 

=         76.0 

215 

21.5 

Y 

.162 

_, 

3.481 

X 

.366 

= 

7.87  boric  oxide 

Barium  carbonate 

33 

X 

.777 

23.3 

50 

5.0 

X 

.777 

= 

3.88  barium  oxide 

Zinc  oxide 

70 

X 

1.0 

70.0 

105 

10.5 

X 

1.00 

= 

10.  SO  zinc  oxide 

Red  lead 

112 

V 

.98 

=       110.0 

168 

16.8 

.98 

^ 

Fluorspar.  . 

33 

V 

1.0 

—        33.0 

50 

5.0 

V 

1  0 

CryoUte 

20 

V 

1.0 

=        20.0 

30 

3.0 

'•.60 

X 

.40 

= 

1.20  aluminum    fiuor- 

Tin  oxide 

60 

X 

1.0 

60.0 

90 

9.0 

X 

1.0 

= 

9.00  tin  oxide          [ide 

767 

666.2 

1148 

114.8 

100.06 

(6) 

(7) 

(S) 

Percentage 
composition,  melted 

(5) 

Molec- 
ular 
weights 

Parf  9  ol  molecules 

Parts 

of 
mole- 
cules 

Factor 

Parts 
of 
molec- 
ules 
RO- 
1.00 

Silica 

24.58 

-»■ 

60    = 

0.410  SiOi 

KzO.. 

.  0.068 

Y 

2.066 

0.140 

Alumina 

7.00 

+ 

102    = 

.069  AhOi 

RaiO 

.     .123 

Y 

2.066 

^ 

.254 

Potassium  oride — 

6.42 

+ 

94    = 

.068K:O 

CaO. 

.     .064 

X 

2.066 

= 

.132 

Sodium  oxide 

6.31 

■*■ 

62    = 

.  102  NajO 

BaO.. 

.     .025 

X 

2.066 

= 

.052 

Boric  oxide 

7.87 

■*■ 

70    = 

.112B:Oi 

ZnO.. 

.     .130 

Y 

2.066 



.269 

Barium  oxide 

,3.88 
10.50 
16.50 

153.5= 

81    = 

223    = 

.025  BaO 
.130  ZnO 
.074  PbO 

PbO. 
AljOj. 

.     .074 
.484 

X 
X 

Y 

2.066 
2.066 
2.066 

= 

.153 

Lead  oxide 

.     .076 

.157 

Calcium  fluoride. . . 

5.00 

+ 

78    = 

.064CaF3.= 

0.064CaO 
0.064F3 

SiOj- 
Fj 

.     .410 
.     .106 

X 
X 

2.066 
2.066 

= 

.847 
.219 

Sodium  fluoride 

1.80 

+ 

84    = 

.021NajF!= 

0.021NajO 
O.021F3 

Sn02 . 

.     .060 

X 

2.066 

= 

.124 

Aluminum  fluoride 

1.20 

+ 

168    - 

.007  Al!F(i  = 

0.007A1JO3 
O.O2IF3 

Tin  oxide 

9.00 

+ 

150.5^- 

.060SnOa 

o  Little  is  gained  by  splitting  feldspar  and  cryolite  up  into  their  constituent  radicals.  In  factory  work 
it  is  quite  common  to  use  i.oo  as  the  factors  for  these  minerals  and  to  call  the  results  melted  feldspar  and 
cryolite. 

The  first  step  in  obtaining  the  molecular  formulas  from  the 
percentage  composition  is  to  divide  ^^  the  percentage  amoimt  by 
the  so-called  molecular  weights/^    This  gives  us  the  list  of  parts  of 

^  Tables  to  fadhtate  this  division  are  to  be  found  in  Quantitative  Classification  of  Igneous  Rocks,  by 
Cross,  Iddings,  Pirsson,  and  Washington. 

^  The  use  of  this  term  is  simply  a  matter  of  custom.  In  this  case  the  fonnula  of  a  compound  merely 
shows  the  proportions  in  which  the  elements  are  combined.  (See  Staley,  H.  F.,  Trans.  A.  C.  S.»  18  pp. 
123.  133,  and  147.) 
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molecules  showTi  in  (6).  The  results  obtained  in  (6)  are  rear- 
ranged, like  quantities  being  added  together,  and  all  RO  oxides — 
that  is,  those  containing  only  one  oxygen — being  placed  in  con- 
venient order  for  adding.  This  gives  us  the  arrangement  in  (7). 
Since  the  sum  of  the  RO  molecular  fractions  must  be  unity  in  the 
final  formula,  we  di\'ide  i  by  0.484  in  order  to  get  a  factor,  2.066, 
by  which  each  quantity  in  (7)  must  be  multiplied.  This  multi- 
plication gives  us  column  (8) .  (The  same  result  would,  of  com-se, 
be  obtained  by  dividing  each  of  the  quantities  by  0.484.) 

In  writing  the  empirical  chemical  formulas  the  oxides  and 
radicals  are  divided  into  groups.  The  RO  oxides  make  the  first 
group,  the  trioxides  that  are  not  acids  make  the  second,  and  the 
acid  oxides  and  radicals  make  the  third.  Arranging  the  data 
in  (7)  in  this  manner,  we  obtain  the  following  empirical  chemical 
formula: 


o.  140  .K2O 
o.  254  Na,0 
o.  132  CaO 
0.052  BaO 
o.  269  ZnO 
o.  153  PbO 


o.  157  AI2O3 


0.847  SiOz 
0.231  B2O3 
0.219  Fj 
o.  124  SnOj 


1. 000 


In  addition  to  the  molecular  weights  used  in  this  example, 
the  following  may  be  useful  in  deriving  enamel  formulas : 


Magnesium  oxide,  MgO 40 

Antimony  trioxide,  SbjOs 288 

Antimony  pentoxide,  SbjOj 320 

Zirconium  oxide,  ZrOj 123 


Titanium  oxide,  Ti02 80 

Cobalt  oxide,  CoO - 75 

Barium  fluoride,  BaFj 175 

Silicon  fluoride,  SiF, 104 


3.  THE  FLINT  EQUIVALENT 

It  is  quite  difficult  to  estimate  the  comparative  fusibility  of 
a  series  of  enamel  formulas,  whether  these  are  given  in  the  form 
of  raw  batch,  percentage  composition,  or  empirical  chemical 
formulas.  When  only  one  refractory  ingredient  is  used  some  idea 
can  be  obtained  by  observing  the  percentage  this  constitutes  of 
the  melted  enamel.  For  this  reason,  in  giving  cover  coat  enamels 
we  have  employed  formulas  calling  for  potash  feldspar  as  the 
only  refractory.  It  is  impossible  to  do  this  in  groimd  coat  enamels, 
for  clay,  flint,  and  feldspar  must  be  taken  i^ato  consideration. 

By  practical  trial  the  -RTiter  has  determined  that  in  cast-iron 
enamels  potash  feldspar,  flint,  and  clay  can  be  substituted  for 
one  another,  without  changing  the  fusibility  of  the  enamel,  in 
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the  ratio  of  100  feldspar:  66^  flint:  40  clay."  By  assuming  that 
flint  is  substituted  in  these  ratios  for  all  the  clay  and  feldspar 
found  in  each  of  the  ground  coat  formulas  given  in,  this  paper 
and  then  again  reducing  the  batch  to  1000  pounds,  melted,  we 
obtain  a  number  which  indicates  the  pounds  of  fliint  that  would 
have  been  used  for  1000  pounds  of  ground  coat,  melted,  if  the 
only  refractory  employed  had  been  flint.  We  have  called  this 
number  the  "flint  equivalent"  of  the  formula.  The  flint  equiva- 
lent of  a  ground  coat  is  a  fair  index  of  its  refractoriness,  for  varia- 
tion in  the  amount  of  flint  used  has  such  a  decided  effect  that  the 
influence  of  variations  commonly  found  in  the  relative  amoimts 
of  the  various  fluxing  oxides  can  be  neglected. 

VI.  GROUND  COAT  ENAMEL  COMPOSITIONS 

The  fimction  of  a  ground  coat  enamel  is  to  act  as  a  bond  be- 
tween the  cover  enamel  and  the  iron  and  also  to  protect  the  iron 
from  oxidizing  while  being  heated  to  the  temperature  at  which  the 
cover  enamel  fuses.  Statements  are  sometimes  found  in  enamel- 
ing literature  that  a  ground  coat  is  not  necessary  for  powdered 
enamels  for  cast  iron.'=  While  it  is  sometimes  possible  to  enamel 
a  trial  piece  without  the  use  of  a  ground  coat,  the  percentage 
of  good  pieces  obtained  in  this  way  is  very  small  and  the  process 
is  not  a  commercially  feasible  one.  At  the  present  time  the  use 
of  some  sort  of  ground  coat  is  universally  practiced  in  enamehng 
cast  iron  in  this  country.  Ground  coats  consist  of  suspensions 
in  water  of  powdered  frit  (or  glass)  and  various  powdered  raw 
materials.  To  these  are  added  small  amounts  of  certain  chemicals, 
known  as  flotation  agents,  the  function  of  which  is  to  aid  in  keeping 
the  solids  in  suspension. 

1.  MATERIALS  USED  IN  FRITS 

The  materials  commonly  used  in  making  the  frits  are  flint  or 
sand,  feldspar,  borax,  red  lead,  and  sodium  nitrate.  Flint  and 
feldspar  are  the  refractory  ingredients  of  the  enamel  and  supply 
the  silica  essential  to  the  production  of  a  permanent  glass.  Flint 
or  sand  is  often  used  alone  as  the  refractory,  especially  in  older 
formulas,  but  many  recipes  call  for  the  use  of  some  feldspar  in 
addition.  Borax  is  the  flux  used  in  largest  quantity  on  account 
of  the  well-known  ability  of  boric  oxide  to  dissolve  iron  oxide 
as  well  as  other  oxides.     A  ground  coat  glass  high  in  boric  oxide 

"  Trans.  A.  C.  S..  IS,  pp.  50S  and  534. 

B  Holdcroft,  H.,  Jour.  Soc.  Chcm.  Ind.,  29,  p.  123. 
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readily  dissolves  any  small  amotints  of  iron  oxide  present  on  the 
surface  of  the  iron.  Lead  oxide  is  used  because  its  compounds 
melt  at  low  temperatures  to  produce  fluid  glasses  and  also  glasses 
of  good  mechanical  strength  when  cold.  The  small  amount  of 
sodium  nitrate  used  is  employed  for  the  sake  of  the  oxidizing 
effect  of  the  nitrate  radical  which  prevents  reduction  of  the  lead 
in  fritting  and  the  absorption  of  injurious  sulphur  gases  by  the 
glass  during  the  fritting  process.  Small  amounts  of  other  fluxes, 
such  as  fluorspar,  cryolite,  barium  oxide,  and  soda  ash,  are  some- 
times used,  but  these  perform  no  distinctive  service  and  most 
enamel  frits  are  made  from  the  above  list  of  materials.  Small 
amounts  of  magnesium  carbonate  and  magnesivun  sulphate  are 
sometimes  used  in  enamel  frits  on  the  assumption  that  they  aid 
the  adhesion  of  the  ground  coat  to  the  iron."'  Cobalt  oxide  in 
very  small  amounts  is  used  in  many  enamel  frits  for  the  same 

reason. 

2.  RAW  MATERIALS  IN  GROUND  COATS 

For  raw  material  to  be  added  at  the  mill,  clay  is  universally 
used  on  account  of  its  ability  to  cause  the  enamel  composition 
as  a  whole  to  float.  It  also  acts  as  a  refractory  ingredient  and 
in  some  cases  is  the  only  raw  refractory  used.  Flint  and  feldspar 
are  also  occasionally  used  as  raw  refractories.  Magnesium  car- 
bonate, magnesium  sulphate,  borax,  lime  water,  ammonia,  etc., 
in  small  amounts,  are  used  to  help  float  the  enamel.  Sometimes 
a  little  cobalt  oxide  is  added  raw,  in  cases  where  it  has  not  been 
convenient  to  melt  it  into  the  frit. 

3.  COBALT  OXIDE  IN  GROUND  COATS 

As  to  the  function  and  value  of  cobalt  oxide  in  ground  coats 
for  cast  iron,  we  can  only  say  that  these  are  debatable  questions. 
After  a  rather  careful  investigation  of  the  subject  Coe  came  to 
the  conclusion  that  ' '  the  use  of  cobalt  in  a  groimd  coat  for  cast- 
iron  enamels  is  of  doubtful  value."'"  On  the  other  hand,  makers 
of  sheet-steel  enamels  in  general  claim  they  can  not  make  a  satis- 
factory groimd  coat  without  the  use  of  cobalt  oxide  or  some 
metallic  oxide  substitute  for  it.  They  are  rather  at  a  loss  to 
account  for  the  remarkable  effects  they  claim  for  the  very  small 
amounts  of  cobalt  oxide  used,  and  put  forth  various  fanciful 
and  luiproved  theories  to  explain  the  phenomena."' 

6«  Randau,  Paul.  Enamels  and  Enameling,  p.  126. 

"  Trans.  A.  C.  S.,  13.  p.  545. 

«  I.andium.  R.  D..  Trans.  A.  C.  S.,  14.  pp.  756-763. 
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It  is  certain  that  cobalt  oxide  is  not  essential  to  the  production 
of  a  satisfactory  ground  coat  for  cast  iron,  since  many  excellent 
coats  contain  no  cobalt.  On  the  other  hand,  so  many  factors 
enter  into  the  production  of  satisfactory  enameled  iron  ware  that 
it  is  very  difficult  to  determine  the  effect  of  cobalt  oxide  in  the 
ground  coat.  The  result  is  that  many  enamelers  use  cobalt  oxide 
in  their  ground  coats  because  they  feel  that  it  does  no  harm  and 
possibly  does  some  good.  The  cost  of  the  cobalt  oxide,  compared 
to  the  value  of  the  ware  produced,  is  so  small  that  they  can  not 
afford  to  risk  leaving  it  out  of  the  composition. 

4.  FLOTATION  OF  ENAMELS 

As  demonstrated  by  Emest  Mayer  for  glazes,*"  the  settling  of 
enamel  suspensions  is  due  to  excessive  alkalinity  of  the  enamel 
solution.  Mayer  divides  the  vehicles  used  for  flotation  purposes 
into  those  that  act  physically  and  those  whose  action  is  chemical. 
In  the  first  group  are  clay,  sirup,  gum  arabic,  dextrine,  milk,  and 
blood.  The  two  latter  soon  curdle  and  make  quite  thick  suspen- 
sions. In  the  chemical  group  are  various  acid  substances  such 
as  boric  acid,  vinegar,  hydrochloric  and  sulphuric  acids,  which 
reduce  the  alkalinity  by  neutralizing  part  of  the  alkali.  A  more 
effective  group  of  chemicals  are  those  which  neutralize  part  of 
the  alkalinity  and  at  the  same  time  produce  a  flocculent  pre- 
cipitate. The  most  commonly  used  of  these  are  magnesium 
sulphate  and  magnesium  chloride.  , 

'  MgSO,  +  2NaOH  =  Mg (OH)  ^  +  Na^SO, 
MgCl,  +  2NaOH  =  Mg(0H)2  +  2NaCl 

It  is  a  noteworthy  fact  that  none  of  these  chemical  vehicles 
has  any  appreciable  effect  unless  clay  is  present.  It  would 
seem,  then,  that  the  effect  of  these  reagents  is  to  coagulate  the 
clay  and  thus  render  it  capable  of  floating  the  enamel.  By  the 
addition  of  acid  substances  the  enamel  suspension  would  be  ren- 
dered acid  or  faintly  alkaline,  which  conditions  are  favorable 
to  coagulation.  By  the  addition  of  magnesium  salts,  the  alka- 
linity would  be  reduced,  a  flocculent  precipitate,  Mg(0H)2, 
formed  and  a  coagulating  salt,  socUum  sulphate  or  chloride, 
would  be  left  in  solution.  Ammonium  carbonate  is  a  very  effec- 
tive coagulant,  while  borax  acts  as  a  coagulant  or  deflocculent, 
according  to  conditions.  All  of  the  other  chemicals  used  for 
floating  enamels  are  capable  of  flocculating  clay  under  the  proper 

"  Trans.  A.  C.  S.,  II,  p.  369. 
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conditions  and  we  have  every  reason  for  thinking  this  is  their 
mode  of  action.'" 

As  pointed  out  by  Mayer,  according  to  theory  it  is  a  mistake 
to  introduce  a  sulphate,  such  as  magnesium  sulphate,  into  a 
groimd  coat  on  account  of  the  danger  of  sulphm-  blisters.  How- 
ever, magnesium  sulphate  is  the  most  commonly  used  vehicle, 
excepting  clay,  and  apparently  the  small  amounts  employed  do 
no  harm.  Griinwald'^  recommends  magnesium  oxide  (calcined 
magnesium  carbonate)  and  ammonium  carbonate  as  being  chemi- 
cally harmless.  Magnesium  oxide  and  carbonate,  as  also  calcium 
oxide,  hydroxide  (milk  of  lime)  and  carbonate,  are  liable  to  cause 
serious  trouble  if  they  happen  to  be  deposited  on  the  ware  in 
large  granules.  These  granules  will  not  be  melted  into  the  ground 
coat  or  enamel  but  bum  to  particles  of  quicklime  (CaO  or  MgO) . 
In  the  course  of  several  months  some  of  these  will  hydrate,  pre- 
sumably by  moisture  working  through  the  porous  iron  with  which 
they  are  in  contact,  and  expand.  This  causes  the  enamel  above 
them  to  break  off  in  little  cone-shaped  spalls.  This  danger  is 
not  an  imaginary  one,  for  $20,000  worth  of  ware  in  one  stock 
room  has  been  ruined  in  this  manner.  For  this  reason,  it  is 
preferable  not  to  use  insoluble  forms  of  magnesium  or  calcium 
as  vehicles.  \ 

These  so-called  vehicles  may  be  added  when  the  ground  coat  is 
put  into  the  mill,  but  the  more  common  practice  is  to  add  clay 
only  before  grinding  and  to  add  the  others  to  measured  quantities 
of  the  coat  just  before  use.  When  vehicles  other  than  clay  are 
used  the  consistency  of  a  groimd  coat  varies  greatly  with  age. 

5.  TYPES  OF  GROUND  COATS 

(a)  Sintered  Ground  Coats. — Formerly  it  was  the  practice 
to  use  very  refractory  ground  masses  that  were  simply  sintered 
onto  the  iron  but  not  fused  to  a  glass.  The  object  was  to  produce 
a  porcelain-like  coating  on  the  metal,  over  which  the  cover  enamel 
would  act  as  a  glaze.  This  type  of  ground  coat  is  still  used  for 
wet-coat  enamels  on  cast  iron,  but  for  powdered  enamels  it  has 
been  almost  entirely  superseded  by  thin  glossy  ground  coats. 

The  basis  of  these  sintered  ground  coats  was  a  frit  made  from 
flint  and  borax,  or  flint,  feldspar,  and  borax,  with  small  amoimts 
of  lead  or  sodium  oxides.  To  this  frit  were  added  at  the  tnill  clay 
and  flint,  or  clay  and  feldspar,  in  sufficient  quantity  to  make  the 

'"  Ashley,  H.  E.,  Technical  Control  of  the  Colloidal  Matter  in  Clays,  Technologic  Papers  of  the  Bureau 
of  Standards  No.  23,  pp.  74-102. 
'^  Sprechsaal,  43,  p.  594. 
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mass  so  refractory  that  it  would  sinter,  but  not  fuse,  in  the  enamel- 
ing oven.  Magnesium  oxide  or  sulphate  was  used  to  aid  in  float- 
ing the  enamel.  The  coat  was  supposed  to  be  fired  imtil  it  could 
not  be  rubbed  off  with  the  fingers  and  imtil  the  individual  grains 
appeared  rounded  when  examined  with  a  good  hand  glass.''' 
Groimd-coat  I  is  a  composition  of  this  type  that  has  been  used 
in  this  country  for  wet-coat  enamels.  Fia-ther  examples  can  be 
foimd  in  Randau." 

(6)  Glassy  Ground  Coats. — In  the  use  of  glassy  groimd  coats, 
enamel  makers  have  broken  away  from  the  idea  of  analogy  between 
enameling  cast  iron  and  glazing  porcelain  and  have  attempted  to 
produce  glasses  that  would  give  them  the  maximum  adhesion 
between  the  enamel  and  the  metal.  A  good  ground  coat  of  this 
class  should  melt  at  dull  red  heat  in  order  to  protect  the  iron  from 
oxidation ;  should  be  able  to  dissolve  any  oxides  or  foreign  matter 
on  the  surface  of  the  metal;  should  be  sufficiently  fluid  to  run,  in 
part,  into  the  minute  pores  of  the  metal  so  as  to  produce  a  good 
bond;  and  should  not  blister  or  volatihze  ("bum  off")  imtil 
temperatures  above  those  commonly  employed  in  enameling  are 
reached.'^ 

The  most  simple  and  oldest  type  of  glassy  ground  coat  consists 
of  a  refractory  frit,  high  in  sand  or  flint  and  generally  containing 
cobalt,  to  which  only  enough  clay  to  float  it  is  added  at  the  mill. 
Ground  coats  II  and  III  are  typical  examples,  showing  the  range 
of  lead  oxide  and  borax  commonly  encotmtered  in  this  type  of 
ground  coat.  '  The  variations  in  cobalt  oxide  also  reach  about  the 
normal  Umits.  High-borax  groimd  coats  are  more  popular  than 
those  high  in  lead  oxide,  so  formulas  approaching  II  are  in  more 
common  use  than  those  similar  to  III. 

With  the  general  adoption  of  feldspar  cover  enamels  in  late 
years,  it  is  quite  natural  that  feldspar  should  have  been  introduced 
into  ground-coat  frits.  It  has  not  replaced- flint  and  sand  entirely 
as  in  many  cover  enamels,  for  a  formula  for  a  ground-coat  enamel 
calling  for  neither  flint  nor  sand  is  unusual. 

With  the  introduction  of  frit  kilns  it  became  inconvenient  to 
melt  cobalt  into  the  ground-coat  frit,  for  then  the  kiln  could  not 
be  used  for  white  or  other  colored  enamels.  Consequently,  in 
some  modem  formulas,  we  find  cobalt  oxide  as  an  addition  to  be 
made  at  the  mill.  Groimd  coat  IV  is  a  typical  formula  containing 
feldspar  in  the  frit  and  calling  for  cobalt  to  be  added  at  the  mill. 

''  Randau.  Paul.  Enamels  and  Enameling,  2d  English  ed.,  pp.  120  and  148. 
'3  Randau.  loc.  cit.,  pp.  124-125.  ^ 

'<  Compare  Coe,  J.  H..  Trans.  A.  C.  S.,  13.  p.  531. 
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It  was  but  natural  that  from  time  to  time  enamel  mixers  should 
make  the  experiment  of  blending  two  groiuid  coats.  In  some 
cases  the  results  were  so  satisfactory  that  the  use  of  a  formula 
calling  for  the  blending  of  two  ground  coats  became  established 
in  factory  practice.  According  to  the  results  obtained  by  J.  H. 
Coe,"  in  some  cases  blends  of  two  groimd  coats  of  about  the  same 
heat  range  will  give  coats  of  longer  heat  range  than  is  given  by 
either  coat  alone.  Groimd  coat  V  is  a  typical  formtda  of  this  kind. 
Incidentally,  it  calls  for  magnesium  carbonate  as  a  raw  addition. 

In  the  four  glassy  ground-coat  formulas  already  given,  the  frits 
themselves  are  quite  refractory  and  comprise  the  bulk  of  the  coat. 
The  raw  material  consists  essentially  of  only  enough  clay  to  float 
the  enamel.  In  late  years,  with  the  rather  general  use  of  frit 
kilns  for  smelting  ground-coat  frits,  the  use  of  formixlas  calling  for 
more  fusible  frits  and  larger  amoimts  of  refractory  raw  additions 
has  been  adopted  in  a  number  of  plants.  Ground-coat  VI  is 
tj^ical  of  a  number  of  formulas  in  use  calling  for  large  amounts 
of  clay  as  a  raw  refractory.  One  advantage  of  this  type  of  formula 
is  that  the  use  of  chemical  "vehicles"  for  floating  the  coat  can 
be  avoided. 

The  use  of  clay  alone  as  the  raw  refractory,  where  the  amoxmt 
to  be  added  is  large,  is  not  as  common  as  the  employment  of  a 
small  or  moderate  amount  of  clay  as  a  floating  agent  and  the 
addition  of  either  flint  or  feldspar,  or  both  of  these,  as  refracto- 
ries. Ground  coat  VII  is  a  formula  calling  for  clay,  flint,  and 
feldspar  as  raw  additions.  In  this  formula  two  frits  are  blended 
which,  of  coirrse,  give  the  same  effect  as  blending  two  ground 
coats.  This  ground  is  more  fusible  than  the  preceding,  since  it 
is  used  with  a  soft  enamel  for  light  castings. 

Ground  coat  I  is  quite  refractor^'  and  has  a  high  "flint  equiva- 
lent." Ground  coat  VII  is  quite  fusible  and  has  a  correspondingly 
low  flint  equivalent.  Groimd  coats  II  to  VI  are  supposed  to  be 
suited  to  general  lines  of  enameled  iron  wares ;  and  it  is  remark- 
able how  nearly  uniform  are  the  "flint  equivalents"  of  these  five 
recipes,  which  are  gathered  from  various  sources. 

"  Trans.  A.  C.  S.,  IS.  pp.  S3i-S49. 
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79 


Material 

Batch  for  1000 
pounds 

Composition 

Per  cent 

Raw 

Melted 

Frit: 
Flint 

350 
185 
35 
41 

Silica 

77  83 

Borax. 

7.16 

Sodium  nitrate 

Sodium  oxide 

4  28 

Red  lead 

6.77 

500 

345 
155 

Lead  oxide .     ..  . 

611 

345 
180 

AddiUons: 
Flint.. 

100.04 

Clay 

1136 

1000 

Flint  e<]uivalent,  869. 

Etnpirical  chemical  formula : 

o.785Na^1g      ^10  {14.743  StO. 
.215  PbO  J         '      ^   M    1. 103  B2O3 


1. 000 


Ground  Coat  II 


Matetial 

Batch  for  1000 
pounds 

Composition 

Per  cent. 

Raw 

Melted 

Frit: 

675.0 
390.0 
35.0 
52.5 
3.0 

Silica 

70.28 

Flint 

2.39 

7.60 

Sodium  nitrate 

Boric  oxide 

14  27 

Red  lead. 

Lead  oxide 

5.15 

.30 

948.0 
52.0 

Addition:  Clay 

1155.5 
60.0 

99.99 

1215.5 

1000. 0 

Flint  equivalent,  736. 

Empirical  chemical  formula: 


0.810  NajO 
.165  PbO 
.025  CoO 

1. 000 


lo.i58AlAf"-7°^t^?f 
J      ^       '  H  1.342  B2O3 
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Ground  Coat  m 


Material 

Batch  tor  lOOO 
pounds 

Composition 

Percent 

Raw 

Melted 

Frit' 

eso 

170 
50 

170 
.85 

Silica            .        .... 

70.36 

FUnt 

Alu"iina 

2.03 

4.57S 

— ; 

Boric  Glide 

6.26 

Red  lead. 

Lead  oxide ...        

16.66 

.085 

956 
44 

1071 
51 

99.97 

1122 

1000 

FUnt  equivalent,  735. 

Empirical  chemical  formula: 


0.448  Na,0 
.485  PbO 
.067  CoO 

1,000 


I0.121  AlAJJ 


Ground  Coat  IV 


102  SiOj 
539  BA 


Material 

Batch  tor  1000 
pounds 

Composition 

Percent 

Raw 

Melted 

Frit* 

275 
435 

375 
41 

Silica 

58.30 

10.27 

7.35 

6.07 

Red  lead 

Boric  oxide 

13.72 

1126 

57 

3 

948 

49 
3 

Cobaltoxlde ..  . 

.30 

Clay 

100.01 

1186 

1000 

Flint  equivalent,  733. 

Empirical  chemical  formula: 

0.392  K2O   1 

.493  Na,0  L  ,__  A  J  o   I  4-884  SiO, 
.095  PbO      °-5°7  AIM  \    ^s^  B^Q^ 

.020  CoO   J 


1. 000 


Enameled  Cast-iron  Wares 
Ground  Coat  V 


8l 


Material 

Blue  ground  coat; 
batch     for     1000 
pounds. 

White  ground  coat; 
batch     for     1000 
poimds. 

Composition 

Per  cent 

Raw 

Melted 

Raw 

Melted 

Frit: 

685.0 

395.0 

315.0 

335.0 

30.0 

60.0 

Silica 

67.82 

Sand... 

3.80 

Potassium  oxide 

Sodium  oxide 

1.77 

Borax. 

335.0 

30.0 

85.0 

2.7 

6  66 

Sodium  nitrate 

Boric  oxide 

12. 13 

Red  lead 

7.50 

Cobalt 

Magnesium  oxide 

Cobaltoxide 

.14 

1138.0 

48.0 
3.0 

958.0 

41.0 
1.5 

1135.0 

48.0 
3.0 

958.0 

41.0 
1.5 

Additions: 

Clay 

100.00 

Magnesium  carbonate. . 

1189.0 

1000. 5 

1186.0 

1000. 5 

Flint  equivalent,  white  enamel,  734.    Flint  equivalent,  blue  enamel,  730. 


The  final  ground  coat  is  made  by  taking  two  parts  of  blue 
ground  coat  and  one  part  of  white  ground  coat.  This  gives  a 
flint  equivalent  of  733. 

Empirical  chemical  formula: 


0.1 15  K2O 
.646  Na^O 
,021  MgO 
.203  PbO 
.015  CoO 


0.224  AI2O3 


1  6.827  SiOj 
J  1.033  BoOa 


I'lOOO 


Grotind  Coat  VI 


Material 


Frit: 

Sand 

Feldspar 

Borax 

Sodium  nitrate 

■  Red  lead 

Magnesium  carbonate 

Additions: 

Clay 

Cobaltoxide 


Batch  for  1000 
pounds 

Raw 

Melted 

200 
200 
390 

30 
100 

10 

930 

325 
1 

720 

279 
1 

1256 

1000 

Composition 


Silica 

Alumina 

Potassium  oxide.. 
Sodium  oxide .... 

Boric  OAide 

Lead  oxide 

Magnesium  oxide 
Cobaltoxide 


48.00 
16.61 
3.38 
7.42 
14.27 
9.80 
.48 
.10 


100. 06 


Flint  equivalent,  732. 
133621°— 19- 
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Emtjirical  chemical  formula: 


0.167  KjO 

.553  Na,0 
.056  MgO 
.219  PbO 
.005  CoO 


0.758  AlA 


3-72  SiO^ 
•95  BA 


1. 000 


Ground  Coat  Vn 


Material 

Batch  for  1000 
pounds 

Composition 

Percent 

Raw 

Melted 

Frill: 

300 
115 
20 
125 

125 
75 
15 
82 

75 
75 
120 

§mca 

50.63 

10.71 

4.36 

Red  lead 

Boric  oride 

6  95 

490 

Lead  oxide 

20.30 

Fritn: 

Flint 

100.05 

Borax.  .. 

RnHiiiTTl  nitrnte 

Red  lead 

Additions: 
Clay 

250 

65 
75 
120 

Flint 

1127 

itfoo 

Flint  equivalent,  658. 


Empirical  chemical  formula: 


0.31  K2O 
.29  NajO 
.40  PbO 


0.428  ALO3 


3.444  SiOj 
.404  BjOa 


1. 00 


vn.  TIN  ENAMEL  COMPOSITIONS 
1.  BASIS  OF  CLASSIFICATION 

The  tin  enamel  compositions  for  cast  iron  in  common  use  have, 
for  the  most  part,  been  developed  in  factory-  practice  through 
long  years  of  patient  cut-and-try  experiments  by  men  who  had 
little  knowledge  of  chemistry  and  less  of  physics  to  guide  them. 
In  recent  years  a  few  ceramic  engineers  have  entered  this  field 
and  have  materially  reduced  the  cost  of  the  enamels  in  use.  This 
reduction  in  cost,  however,  has  consisted  mainly  in  substituting 
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cheap  forms  of  chemicals  for  more  expensive  forms  and  eliminating 
a  few  expensive  ingredients  of  little  value.  The  general  types  of 
enamels  had  been  too  thoroughly  worked  out  in  practice  to  permit 
any  radical  innovations.  The  fact  that  these  types  have  stood  the 
test  of  time  and  are  really  a  "survival  of  the  fittest"  is  in  itself 
proof  that  they  must  conform,  at  least  roughly,  to  the  laws  of 
physics  and  chemistry  applicable  to  enamel  compositions. 

Many  factors  determine  the  availability  of  an  enamel,  such  as 
fusibility,  luster,  coefficient  of  expansion,  strength,  elasticity, 
color,  hardness,  and  resistance  to  chemical  agents.  Enamel  compo- 
sitions might  be  classified  according  to  the  relations  of  composition 
to  any  one  of  these  factors,  but  the  most  obvious  relation  is  that 
of  composition  to  luster,  as  dependent  on  the  ability  of  the  enamel 
to  remain  glassy  and  not  devitrify  during  working  and  cooling. 
Of  course,  all  the  other  factors  have  a  modifying  effect  in  deter- 
mining the  actual  compositions  used.  In  fact,  any  enamel  com- 
position is  a  compromise. 

As  stated  under  the  discussion  of  luster,  boric  oxide  and  lead 
oxide  are  the  only  fluxing  oxides  that  can  be  present  in  enamels  in 
large  amounts  without  causing  devitrification.  The  amount  of  the 
other  fluxing  oxides  that  can  be  added  without  causing  devitrifica- 
tion is  so  small  that  it  is  practically  impossible  to  make  a  satis- 
factory enamel  for  cast  iron  unless  the  sum  of  these  two  oxides  is 
above  a  certain  minimum.  Boric  oxide  is  always  used,  and  tin- 
bearing  enamel  compositions  fall  into  three  general  types:  (i)  lead- 
less  enamels,  (2)  low-lead  enamels,  (3)  high-lead  enamels.  Of 
course  it  is  understood  that  the  following  compositions  are  for 
powdered  enamels  to  be  applied  to  cast  iron. 

2.  THE  LEADLESS  TYPE 

The  leadless  type  of  enamel  has  been  developed  in  Germany.  It 
is  characterized  by  very  high  boric  oxide.  Since  the  enamel  is  so 
high  in  boric  oxide  it  would  have  a  very  low  coefficient  of  expan- 
sion and  would  therefore  tend  to  chip,  other  factors,  such  as 
strength  and  elasticity,  being  equal,  if  this  were  not  corrected  in 
the  rest  of  the  composition.  Therefore  the  German  enamels  high 
in  boric  oxide  are  high  in  sodium  oxide  and  cryolite,  both  of 
which  have  a  very  decided  tendency  to  raise  the  coefficient  of 
expansion  of  enamels.  Since  boric  oxide  has  a  favorable  effect 
on  the  strength  and  elasticity  of  enamels,  the  unfavorable  effect 
of  a  large  amount  of  sodium  oxide  on  these  properties  is  counter- 
balanced.    On  account  of  the  solvent  action  of  glasses  high  in 
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sodium  oxide  on  tin  oxide,  the  amount  of  tlie  latter  substance  is 
high  compared  to  American  practice. 

Enamel  I  is  a  formula  of  this  type,  published  by  Dr.  Julius 
Grunwald,'"  who  has  written  extensively  on  German  enameUng 
practice.  Clay  is  seldom  used  in  making  enamel  melts  in  America, 
and  the  amoimt  of  tin  oxide  in  Griinwald's  formula  would  be 
considered  excessive.  A  formula  such  as  enamel  II  conforms 
more  nearly  to  American  ideas  of  what  a  leadless  enamel  liigh  in 
boric  oxide  should  be." 

3.  THE  LOW-LEAD  TYPE 

Since  lead  oxide  is  present  in  considerable  amounts  in  the  low- 
lead  t}'pe  of  composition,  the  boric  oxide  can  be  lower  than  in  the 
prevoius  type  without  danger  of  devitrification  taking  place.  The 
lead  oxide  generally  runs  under  10  per  cent  and  the  boric  oxide 
over  8  per  cent.  In  American  practice  considerable  zinc  oxide  is 
generally  used  in  this  type  of  enamel.  Enamel  III  is  an  old  for- 
mula for  this  type  of  enamel  and  enamel  IV  is  a  modem  derivative 
of  the  same  formula. 

4.  THE  HIGH-LEAD  TYPE 

In  the  high-lead  type  of  enamel  the  lead  oxide  runs  from  1 6  to 
25  per  cent  of  the  melted  weight  of  the  enamel.  Since  the  lead 
oxide  is  so  high  the  boric  oxide  can  be  low,  around  6  percent  of  the 
melted  weight,  as  in  enamel  V,  without  danger  of  devitrification. 
However,  on  accovmt  of  considerations  of  strength  and  elasticity, 
the  boric  oxide  is  often  kept  as  high  as  8  per  cent  in  high-lead 
enamels,  as  in  enamels  VI  and  VII.  The  amounts  of  the  other 
fluxing  oxides  vary  widely,  but  that  of  any  one  seldom  exceeds  10 
per  cent.  This  is  the  type  of  powdered  enamel  for  cast  iron  most 
commonly  used  in  this  cotmtry,  and  many  formulas  might  be 
given,  but  enamels  V,  VI,  and  VII  are  typical. 

'»  StaU  and  Eisen.  30.  p.  1204- 

"Staley,  H.  F..  and  Fisher.  G.  P..  Trans.  A.  C.  S.,  lo,  p.  626. 
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85 


Raw  batch  for  1000  pounds,  melted 


Material 


Founds 


Calculated  percentage  composition,  melted 


Composition 


Potash  feldspar 

Clay 

Sodium  nitrate 

Soda  ash 

Boraj 

Cryolite 

Fluorspar 

Ammonium  carbonate 
Magnesium  carbonate 
Tinoiide 


340.0 
55.0 
5.5 
El.O 

555.0 

110.0 
5.5 
8.0 
5.5 

188.6 


Silica 

Alumina 

Potassium  oxide 

Sodium  oxide 

Boric  oxide 

Aluminum  fluoride 
Sodium  fluoride — 
Calcium  fluoride . . . 
Magnesium  oxide. . 
Tin  oxide 


24.46 
8.44 
5.66 

10.41 

20.33 

4.40 

6.60 

.55 

.26 

18.86 


1294. 1 


99.97 


Empirical  chemical  formula : 


0.188  K2O 
.773  Na^O 
.021  CaO 
.018  MgO 


1.000 


0.332  AlA 


Enamel  n 


1.255  SiOj 
.890  B2O3 
.519  F2 
•383  SnO^ 


Raw  batch  for  1000  pounds,  melted 

Calcula.ed  percentage  composition,  melted 

Material 

Pounds 

Composition 

Per  cent 

410 
30 
240 
220 
125 
120 
83 

Potash  feldspar: 

Silica 

Sodiitm  nitrqte. .  . 

26.5 

7.5 

Boric  acid 

Potassium  oxide 

7.0 

5.0 

Cryolite.  . 

Boric  oxide 

21.2 

Tin  oxide 

Zinc  oxide 

12.5 

Aluminum  fluoride 

1228 

7.2 

Tin  oxide 

8  3 

• 

100.0 

Empirical  chemical  formula: 


0.187  K3O 
.423  Na,0 
.390  ZnO 


0.260  AI2O3 


1. 000 


I.I  18  SiOa 
.766  BA 
•436  F2 
.140  SnOg 
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Enamel  III 


Raw  batch,  for  1000  pounds,  melted 


Calculated  percentage  composition,  melted 


Material 


Potash  feldspar 

Quartz 

Potassium  nitrate  —  . 
Potassium  cart>onate.. 

Soda  ash 

Borax 

Zincoiide 

Red  lead 

Cryolite 

Sodium  silico  fluoride. 

Fluorspar 

Ammonium  carbonate 
Manganese  dioxide. . . 

Arsenic  oxide 

Tin  oxide 


Pounds 


Composition 


380 

15 

60 

30 

30 

225 

108 

82 

10 

40 

85 

1 

1 

0 

92 


1165 


SiUca 

Alumina 

Potassium  oxide. . . 

Sodium  oxide 

Boric  oxide 

Zinc  oxide 

Lead  oxide 

Aluminum  fluoride 
Sodium  fluoride — 

Silicon  fluoride 

Calcium  fluoride. . . 
Manganese  oxide. . 

Arsenic  oxide 

Tin  oxide 


Per  cent 


26.08 

7.00 

11.22 

5.38 

8.23 

10.80 

8.00 

.40 

2.36 

2.24 

8.  SO 

.10 

.60 

9.20 


100.11 


Empirical  chemical  formula: 


0.230  KoO 
.222  Na,0 
.212  CaO 
.258  ZnO 
.076  PbO 
.002  MnO 


0.138  AlA 


0.882  SiOj 
.229  BA 
■356  F2 
.118  SnO, 


1.000 


Enamel  IV 


Raw  batch  for  1000  potmds,  melted 


Calculated  percentage  composition,  melted 


Material 


Founds 


Composition 


Percent 


Potash  feldspar 

Soda  ash 

Sodium  nitrate. 

Borax 

Zincoiide 

Red  lead 

Cryolite 

Fluorspar 

Tin  oxide 


400 
90 
30 
225 
108 
94 
40 
85 
94 


1166 


Potash  feldspar; 

Silica 

Alumina 

Potassium  oxide 

Sodium  oxide 

Boric  oxide 

Zinc  oxide 

Lead  oxide 

Aluminum  fluoride. 

Sodium  fluoride 

Calcium  fluoride 

Tin  oxide 


25.88 
7.36 
6.76 
9.95 
8.23 

10.80 
9.20 
1.60 
2.40 
8.50 
9.40 

100.08 
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Empirical  chemical  formula: 

0.130  KjO 

.345  Na^O 
.200  CaO 
.244  ZtiO 
.081  PbO 


0.150  AI2O3 


0.790  SiO, 
.216  BA 
266  Fj 
.114  SnOj 


1. 000 


Enamel  V 


Baw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition,  melted 

Material 

Pounds 

Composition 

Per  cent 

380 
50 
25 

165 
75 
60 

175 

120 
85 

Potash  leldspar: 

SiUca 

24.58 

7.00 

Soda  ash 

6.42 

6.50 

Borax 

Boric  oxide                                  

6.04 

5.83 

Zinc  oxide. . 

Zinc  oxide 

6.00 

17.10 

12.00 

Tin  oxide 

Tin  oxide                                

8.50 

1135 

99.97 

Empirical  chemical  formula: 


0.130  K2O 
.201  NajO 
.073  BaO 
.295  CaO 

•  .142  ZnO 
.159  PbO 

1. 000 


0.132  AI2O3 


Enamel  VI 


0.785  SiO, 
.155  B3O3 

•295  F2 
.107  SnO, 


Baw  batch  lor  1000  pounds,  melted 


Calculated  percentage  composition,  melted 


Materia] 


Pounds 


Composition 


Per  cent 


Potash  feldspar 

Soda  ash 

Sodium  nitrate . .  . . 

Borax..- 

Barium  carbonate. 

Zinc  oxide 

Red  lead 

Fluorspar 

Cryolite 

Tin  oxide 


380 
30 
30 

215 
50 

105 

168 
50 
30 
90 


Potash  feldspar: 

SiUca •24.53 

Alumina 7. 00 

Potassium  oxide 6. 42 

Sodium  oxide 6.31 

Boric  oxide 7. 87 

Barium  oxide 3.  J 

Zinc  oxide 10. 50 

Lead  oxide 16. 50 

Calcium  fluoride 5. 00 

Sodium  fluoiide 1.80 

Aluminum  lluoride 1.20 

Tin  oxide 9. 00 

100.06 
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Empirical  chemical  formula: 


0.140 

K,0     1 

.294 

Na,0 

.052 

BaO 

.132 

CaO 

.269  ZnO 

•153 

PbO    ) 

1. 000 


0.157  A120, 


Enamel  Vn 


0.847  SiOj 
.231  B2O3 
.218  F, 
.124  SnOj 


Raw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition,  melted 

Material 

Poimds 

Composition 

Per  cent 

Potash  feldspar. 

380 
30 
30 

215. 
50 
50 

255 
50 
90 

Potash  feldspar: 

Silica 

24  58 

7.00 

Sodium  nitrate. 

6  AZ 

6.31 

Barium  carbonate 

Boric  oxide 

7.87 

Zinc  oxide ..        ... 

Rflrinm  fiTiiip 

3.88 

5.00 

Fluorspar.  . 

25.00 

Tin  oxide 

Calcium  fluoride 

5.00 

1150 

, 

100.06 

Empirical  chemical  formtila: 


0.1. S3 

K,0    1 

.230 

Na,0 

•059 

BaO 

•145 

CaO 

.140 

ZnO 

.273 

PbO 

0.156  A1203 


0.920  SiOj 

•253  BA 
.144  F2 

.135  SnOj 


1. 000 


Vm.  ANTIMONY  ENAMEL  COMPOSITIONS 

That  compotmds  of  antimony  could  be  used  with  some  success 
as  opacifying  agents  in  enamels  has  been  known  for  a  verj'  long 
time.  However,  only  diuring  the  last  lo  or  15  years  have  they 
been  employed  on  a  large  scale  in  commercial  operations.  The 
many  difficulties  involved  in  the  use  of  antimony  compounds  are 
the  ob\aous  reasons  for  their  failure  to  come  into  general  favor 
earlier.  The  constantly  rising  price  of  tin  oxide  and  the  growi;h  in 
the  technical  ability  of  enamel  makers  are  the  causes  for  their 
more  general  employment  during  the  last  few  years. 
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1.  CONTROL  OF  COLOR 

One  of  the  great  difficulties  in  the  use  of  antimony  compounds 
in  enamels  is  the  wide  variation  in  colors,  or  rather  tints,  encoun- 
tered. These  vary  from  light  tan  or  yellow  through  cream,  a  fair 
white,  light  green,  and  light  blue  to  a  decided  robin-egg  blue. 
The  hue  and  tint  obtained  depends  on  the  composition  of  the 
enamel  and  the  heat  treatment  given  it  during  melting. 

(a)  Effect  of  Composition. — It  is  well  known  that  antimony 
enamels  containing  large  amounts  of  lead  give  a  yellow  color. 
For  instance,  a  beautiful  lemon-colored  enamel  was  obtained 
from  the  following  composition,  which  is  a  tin-bearing  enamel 
formula  with  oxide  of  antimony  substituted  for  tin  oxide :  '^ 

Potash  feldspar 410 

Borai 240 

Cryolite 120 

Sodium  nitrate 27 

Red  lead 255 

Antimony  oxide 80 

1132-1000  melted 

Entire  elimination  of  lead  oxide  from  antimony  enamels  is  not 
desirable,  however,  for  leadless  enamels  are  not  satisfactory  in 
working  properties.  They  craze  and  chip  with  seemingly  no 
provocation,  do  not  stand  patching  well,  and  they  are  not  as 
opaque  as  enamels  with  the  same  amount  of  opacifier  which  con- 
tain lead.  This  latter  defect  is  probably  due  to  the  fact  that 
lead-bearing  enamels  are  heavier  than  leadless  ones,  and  there- 
fore the  opaci^er  is  less  diffused  in  the  lead-bearing  enamels.  For 
these  reasons  many  enamelers  prefer  to  use  as  much  lead  in  their 
antimony  enamels  as  is  consistent  with  a  satisfactory  color;  and 
by  experiment  it  has  been  found  that  enamels  of  fair  color  can 
be  made  containing  considerable  amounts  of  lead  oxide.  In 
amounts  up  to  lo  per  cent,  lead  oxide  tends  to  impart  a  very  faint 
yellow  cast  to  the  enamels.  The  tint  is  persistent,  not  altering 
with  heat  treatment.  This  color  may  be  so  combined  with  some 
other  color,  generally  blue,  that  both  are  practically  neutralized, 
or  the  proportions  of  the  two  colorants  may  be  such  that  a  light 
green  color  is  produced. 

If  commercial  antimony  oxide  and  boric  acid  are  melted  to- 
gether, a  translucent  brown  glass  is  produced.  The  source  of  the 
color  is  unknown ;  it  may  be  due  to  sulphur  impurities  since  com- 
mercial oxide  of  antimony  may  contain  one  per  cent  of  sulphur 
as  antimony  sulphide.     If  this  glass  is  used  as  a  component  of 

"  Staley,  H.  F.,  and  Fisher,  G.  P.,  Trans.  A.  C.  S.,  15,  p.  626. 
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an  enamel,  an  opaque,  white  enamel  is  produced.  All  antimony 
enamels  are  of  a  decided  tan  dvuing  the  first  stages  of  the  smelting 
process,  and  the  depth  of  this  color  increases  as  the  boric  oxide 
increases.  This  tan  color  of  the  enamels  is  thought  to  be  due 
to  the  same  causes  that  produce  the  brown  color  in  antimony- 
oxide — boric  acid  mixtures.  As  the  smelting  continues  this  color 
gradually  fades.  However,  if  the  amount  of  boric  oxide  is  large, 
and  no  neutralizing  color  is  present,  the  enamel  may  not  become 
a  good  white  vmless  the  smelting  is  continued  for  a  long  time  at 
high  temperattnes.  In  such  cases  the  opacity  of  the  enamel  is 
reduced,  because  of  the  gradual  solution  of  the  opacifying  agent. 
For  this  reason  it  is  desirable  to  introduce  some  ingredient  that 
will  form  a  color  to  neutralize  the  last  traces  of  tan  or  yellow. 
Cobalt  oxide  and  manganese  dioxide  are  sometimes  used  for  this 
purpose,  but  generally  the  neutralization  is  accomplished,  con- 
sciously or  im wittingly,  by  the  introduction  of  some  form  of  cal- 
cium as  explained  below. 

During  the  winter  of  191 2-13,  the  writer,  with  the  aid  of  Samuel 
Rusoff,  made  a  rather  extended  study  of  the  effect  of  variation 
in  composition  of  antimony  enamels  on  the  tints  produced.  Very 
much  to  oiu:  surprise,  we  definitely  established  the  fact  that  cal- 
cium, introduced  either  as  the  carbonate  of  fluoride,  had  a  decided 
effect  on  the  hue  of  the  enamel,  always  tending  to  produce  blue 
tints.  These  tints  seemed  to  be  peculiar  to  antimony  enamels, 
since  they  do  not  occur  when  tin  oxide  is  used  as  the  opacifier. 
By  systematic  elimination  of  the  various  ingredients  commonly 
used  in  enamels  we  were  able  to  determine  that  the  coloring 
matter  was  due  to  some  combination  of  antimony  oxide,  boric 
oxide,  calcium  and  fluorine."  The  intensity  of  the  color  increases 
with  concentration  of  calcium  compoimds  and  with  diu-ation  of 
heat  treatment. 

In  practical  enamel  making,  the  only  one  of  these  four  mate- 
rials— i.  e.,  antimony  oxide,  boric  oxide,  calcium  and  fluorine — 
that  can  be  eliminated  is  calcium.  The  writer  has  found  that 
under  a  given  set  of  conditions,  the  tendency  for  oxide  of  anti- 
mony enamels  to  turn  blue  was  lessened  when  the  calcium  in  the 
mix  was  reduced.  This  means  the  partial  replacement  of  whiting 
or  fluorspar  by  other  fluxes.  It  is  generally  necessary  to  use 
cryolite  to  take  the  place  of  part  of  the  fluorspar. 

'^Staley,  Homer  F.,  Antimony  Compounds  as  Opacifiers  in  Enamels,  Trans.  A.  C.  S.,  17,  pp.  173-189. 
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When  enamelers  of  cast  iron  first  began  experimenting  with 
oxide  of  antimony  enamels  they  found  that  the  use  of  oxide  of 
antimony  and  oxide  of  tin  together  in  a  raw  batch  produced 
blue  tints.  Since  nearly  all  of  the  tin-bearing  formulas  used  in 
this  cotmtry  for  cast  iron  contain  calcium  in  some  form,  it  is 
not  certain  whether  this  is  a  new  color  phenomenon  or  is  due 
simply  to  an  intensification  of  the  blue  color  produced  by  calcium. 
On  the  other  hand,  it  has  been  found  possible  to  blend  antimony 
and  tin  enamels  after  melting,  without  producing  tints  other 
than  those  expected  from  the  enamels  used  in  the  mixtture.  The 
mixing  must  be  done  thoroughly  or  an  unpleasant  mottled  effect 
is  produced. 

(b)  Effect  of  Heat  Treatment. — As  stated  above,  antimony 
enamels  are  all  tan  colored  in  the  first  stages  of  the  bum,  and 
this  color  decreases  in  intensity  as  the  smelting  progresses. 
Bnamels  containing  lead  oxide  have  a  yellow  color  component 
which  is  not  affected  by  heat  treatment.  Calcium  produces  a  blue 
color,  which  increases  in  intensity  with  duration  of  the  smelting 
process.  The  result  of  this  combination  of  color  effects  is  as 
follows:  If  a  sample  is  drawn  in  the  early  stages  of  the  smelting 
and  cooled,  it  will  be  found  to  be  a  light  tan  if  lead  oxide  is  absent, 
and  to  be  a  tan  enlivened  by  a  mixture  of  yellow  if  lead  oxide 
was  used  in  the  batch.  As  the  heating  progresses,  the  tan  color 
will  gradually  fade,  but  the  yellow,  due  to  lead  oxide,  persists. 
If  calcium  is  present  in  the  composition,  the  blue  color  it  produces 
is  either  not  'developed  during  the  early  stages  of  the  bum,  or 
is  masked  by  the  decided  tan  color.  After  long  continued  smelt- 
ing, in  the  absence  of  both  lead  and  calcitun,  the  enamel  gives  a 
good  white,  but  one  of  inferior  opacity.  If  lead  is  present  and 
calcium  is  absent,  the  white  obtained  will  have  a  yellow  tint, 
the  intensity  of  which  will  depend  on  the  amoimt  of  lead  present. 
If  calcium  is  present,  the  blue  color  developed  thereby  increases 
in  intensity  as  the  smelting  proceeds  and  tends  to  neutralize  the 
tan  and  yellow  colors,  which  produces  whites  or  tints  of  gireen. 
Binally,  blue  becomes  the  predominant  color,  and  gives  enamels 
that  range  in  hue  from  a  faint  greenish  blue  to  a  pronoxmced 
robin-egg  blue. 

The  whites  secured  by  neutralization  of  the  tan  and  yellow  tints 
by  blue  are  more  opaque  than  those  secured  by  eliminating  the  tan 
color  by  long-continued  smelting,  since  the  neutralization  takes 
place  at  a  comparatively  early  stage  in  the  smelting;  therefore 
there  is  much  less  opportimity  for  solution  of  the  opacifying  agent 
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in  the  glass.  Since  all  antimony  enamels  are  tan  at  the  beginning 
of  smelting,  the  problem  of  producing  a  good  opaque  white  enamel 
is  so  to  control  the  proportions  of  lead  oxide  and  calcium  (or 
cobalt)  oxide  that  the  tan  and  yellow  colors  are  neutralized  by  the 
blue,  thereby  producing  a  good  white  when  the  enamel  is  first 
thoroughly  smelted.  When  it  is  remembered  that  any  change 
in  the  composition  of  the  enamel  has  a  decided  effect  not  only  on 
tlie  color,  but  on  gloss,  working  properties,  fit  of  the  enamel  to  the 
iron,  and  durability  of  the  finished  ware,  it  is  obvious  that  the 
problem  is  not  a  simple  one. 

2.  DARK  SPECKS 

The  second  difficulty  encountered  in  the  use  of  antimony  enamels 
is  that  dark  specks  are  likely  to  appear,  either  near  or  at  the  sur- 
face of  the  enamel.  These  var\'  from  the  size  of  a  pinliead  down 
to  microscopic  size.  Of  course,  even  a  few  of  the  larger-sized 
specks  disqualify  a  large  piece  of  ware  for  sale  as  a  high-grade 
fixture.  The  occurrence  of  the  specks  is  quite  erratic,  varying 
widely  in  different  batches  of  enamel  made  from  the  same  formula 
and  from  the  same  raw  materials. 

(a)  Cause. — The  source  of  these  specks  has  been  attributed  to 
many  causes,  mainly  to  impurities  in  one  or  other  of  the  raw 
materials.  Many  attemps  have  been  made  by  various  enamelers 
to  get  rid  of  the  specks  by  changing  the  composition  of  the  enamel, 
or  bv  securing  raw  materials  from  a  new  source.  Owing  to  the 
spasmodic  occurrence  of  the  specks,  some  of  these  attempts  seemed 
at  first  to  be  successful ;  but  soon  the  specks  would  return,  as  numer- 
ous as  ever.  In  fact,  it  is  really  surprising  how  much  dirt  can  be 
incorporated  into  the  raw  batch  of  an  enamel  without  noticeably 
affecting  the  appearance  of  the  finished  ware.  Sometimes  scrap 
enamel  that  contains  enough  sand,  iron  scale,  etc.,  to  render  it 
decidedly  gray  in  color  will  make,  when  remelted,  cleaner  ware 
than  enamels  made  at  the  same  time  entirely  from  selected  raw 
materials.  Except  in  cases  where  external  contamination  by  dirt 
was  e\-ident,  the  writer  has  never  seen  any  specks  of  the  kind  und§r 
discussion  in  enamel  frits  before  grinding.  Equally  significant  is 
the  fact  the  specks  do  not  occur  in  carefully  conducted  laboratory 
experiments.  In  making  several  hundred  laboratory  melts  with 
commercial  materials,  these  specks  were  never  found  in  trial 
pieces. 
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In  examining  under  the  microscope  the  specks  in  the  antimony 
enamels  from  quite  a  number  of  different  firms,  it  has  been  found 
that  fully  90  per  cent  of  the  specks  could  be  divided  into  two 
groups.  The  first  class  consisted  of  black  globular  masses  which 
were  hollow,  and  often  contained  small  particles  of  carbon.  Evi- 
dently these  were  caused  by  the  carbonization  of  small  parti- 
cles of  combustible  material  while  the  enamel  was  being  melted 
on  the  ware.  The  specks  in  the  second  class  were  solid  particles, 
either  black  or  brownish  black  surrounded  by  a -reddish-brown 
ring.  These  particles  were  decidedly  magnetic,  and  when  sub- 
jected to  chemical  test  always  showed  the  presence  of  iron.  There 
is,  therefore,  no  question  but  that  they  were  due  to  contamination 
of  the  enamel  with  particles  of  metallic  iron  or  the  magnetic  oxide 
of  iron. 

The  cause,  then,  of  the  great  majority  of  the  dark  specks  in 
antimony  enamels  seems  to  lie  in  contamination  of  the  enamel 
with  external  dirt  after  smelting.  The  particles  causing  the  car- 
bon spots  may  be  small  particles  of  wood  from  quenching  tanks, 
mill  covers,  sieves,  storage  boxes,  etc.  On  the  other  hand,  they 
may  be  small  specks  of  belt  dressing  or  grease  from  the  machinery 
used  in  the  mill  rooms  and  enameling  rooms.  The  particles  of 
iron  and  metallic  oxide  may  come  from  the  driers,  mills,  mechan- 
ical sifters,  etc.,  or  from  the  outside  of  the  casting  being  enameled. 
In  examination  of  the  enamel  powder  from  several  plants,  several 
or  all  of  these  foreign  substances  were  invariably  found. 

The  objection  that  is  always  raised  by  manufacturers  to  the 
above  analysis  of  the  cause  of  the  dark  specks  is  that  the  specks 
do  not  appear  in  tin  enamels  made  in  the  same  manner  and  with 
the  same  equipment.  The  answer  is  that  it  can  be  easily  demon- 
strated that  the  tin  enamels  contain  exactly  the  same  kind  of 
particles  and  just  as  many  of  them.  The  difference  is  that  the 
specks  do  not  show  up  as  prominently  in  the  tin  enamels.  In  the 
first  place,  tin  enamels  are  as  a  rule  more  opaque  than  antimony 
enamels,  and  hence  any  specks  not  actually  at  the  surface  of  the 
ware  are  better  hidden  than  in  antimony  enamels.  In  the 
second  place,  and  much  more  important,  is  the  fact  that  owing 
to  differences  in  composition,  the  antimony  enamels  have  a  much 
stronger  slagging  action  on  the  foreign  particles,  and  the  discol- 
oration caused  by  the  foreign  particles  spreads  much  further. 
The  discoloration  caused  by  a  speck  of  foreign  material  in  a  tin 
enamel  is  practically  the  size  of  the  particle.  The  discoloration 
caused  by  a  similar  particle  in  an  antimony  enamel  may  be  six  or 
eight  times  as  large  as  the  particle. 
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(6)  Remedy. — The  obvious  way  to  decrease  the  dark  specks  in 
antimony  enamels  is  to  use  great  care  to  keep  them  as  free  as  pos- 
sible from  contamination.  This  is  more  easily  said  than  done, 
however.  In  the  first  place,  it  is  hard  for  even  the  man  who 
makes  the  enamel  to  reaHze  that  the  one  essential  requirement 
is  absolute  cleanliness.  He  is  very  likely  to  spend  his  energies  in 
futile  attempts  to  get  rid  of  the  dark  specks  by  altering  his  formula 
or  by  securing  some  of  his  raw  materials  from  new  sotrrces.  Even 
more  difficult  is  it  to  gain  the  confidence  of  the  various  workmen 
who  handle  the  enamel,  and  without  their  hearty  cooperation 
such  a  program  will  be  more  or  less  of  a  failure.  In  most  cases, 
material  decrease  in  the  amount  of  contamination  means  more 
labor  and  changes  in  equipment,  and  consequently  expenditure 
of  considerable  money.  The  men  who  hold  the  purse  strings 
are  liable  to  maintain  that  the  equipment  and  labor  that  always 
gave  fairly  clean  tin  enamels  should  be  equally  satisfactory  for 
antimony  enamels. 

Moreover,  a  new  conception  of  cleanliness  must  be  instilled  into 
the  minds  of  all  connected  with  the  making  and  handling  of  the 
enamels.  In  most  plants,  the  making  and  handling  of  the  tin 
enamels  are  conducted  in  a  manner  that  is  fairly  clean,  as  clean- 
liness goes  in  factories.  To  make  a  marked  improvement  in  these 
long-established  shop  methods  means  that  every  man  concerned 
must  make  a  distinct  and  sustained  effort. 

Antimony  enamels  have  been  in  use  longer  in  Germany  than 
in  this  country.  The  cleanest  antimony  enamel  the  writer  has 
seen  was  made  by  a  German  manufacturer  who  said  that,  after 
several  years  of  strenuous  effort,  he  had  been  able  to  inspire  his 
shop  organization  with  a  general  enthusiasm  for  cleanliness,  and 
the  result  had  been  the  production  of  antimony  enamels  practi- 
cally free  from  black  specks. 

3.  SODIUM  METANTIMONATE  ENAMEL  COMPOSITIONS 

Sodium  metantimonate  has  been  employed  extensively  in  this 
country  diu-ing  late  years  as  an  opacifying  agent  for  enamels  for 
cast  iron.  The  compositions  used  may  be  divided  into  tliree 
types,  namely,  the  leadless,  the  low  lead,  and  the  medium  lead. 

(a)  The  Leadless  Type. — In  Germany  leadless  enamels  in 
which  sodium  metantimonate  is  the  opacifier  have  been  derived 
from  the  leadless  tin  enamels,  similar  to  tin  enamel  I,  very  high 
in  boric  oxide  and  containing  only  one  or  two  other  fluxes.  In 
tliis    cotmtry,    however,    leadless    enamels    containing    sodium 
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metantimonate  have  been  derived  from  tlie  compKcated  formu- 
las in  use  for  tin  enamels  by  substitution  of  other  fluxes  for  lead 
oxide.  This  has  resulted  in  complicated  formulas  rather  high  in 
boric  oxide  and  generally  high  in  zinc  oxide.  Boric  oxide  is 
increased  as  lead  oxide  is  decreased  because,  when  used  in  large 
amoimts,  it  not  only  does  not  itself  crystallize  but  it  makes  the 
enamel  more  viscous  and  thus  prevents  the  crystallization  of 
other  compounds  that  may  have  been  used  partially  to  replace 
lead  oxide. 

The  zinc  oxide  is  raised  as  the  lead  oxide  is  decreased  in  order 
to  maintain  the  strength  and  elasticity  of  the  enamel.  By  using 
a  complicated  formula  the  amount  of  each  of  the  other  fluxing 
oxides  is  kept  low,  so  that  tendency  for  their  compoimds  to  crys- 
tallize and  cause  dull  luster  is  lessened.  Enamel  VIII  is  a  typical 
composition.      . 

(b)  The  Low  Lead  Type. — ^The  low  lead  type  of  composition 
contains  3  to  5  per  cent  of  lead  oxide;  the  boric  oxide  and  zinc 
oxides  are  usually  a  little  lower  than  in  the  leadless  type.  The 
amount  of  each  of  the  other  fluxing  oxides  is  kept  low.  Enamel 
IX  is  a  typical  example.  In  this  the  percentage  of  sodium  oxide  is 
approaching  the  danger  limit  as  far  as  luster  of  the  enamel  is 
concerned.  Its  use  would  be  safer  if  50  pounds  of  borax  were 
substituted  for  the  45  pounds  of  soda  ash.  This  would  give  boric 
oxide  and  sodium  oxide  contents  like  those  in  enamel  VIII. 

(c)  The  Medium  Le.'U)  Type. — In  the  medium  lead  type  of 
composition  the  lead  oxide  runs  between  5  and  1 2  per  cent.  The 
boric  oxide  is  slightly  lower  than  in  the  previous  type,  but  still 
higher  than  in  high-lead,  tin  enamels,  and  the  percentage  of  each 
of  the  other  fluxing  oxides  is  kept  low.  Enamels  X  and  XI  are 
typical  compositions.  It  will  be  noted  that  in  enamel  XI  no  cal- 
cium carbonate,  but  a  larger  amount  of  fluorspar  than  in  the  other 
compositions  is  used.  Thus  the  calcium  content  is  maintained  at 
the  proper  point  to  give  good  color  and  opacity. 

4.  OXIDE  OF  ANTIMONY  ENAMEL  COMPOSITIONS 

The  essential  difference  between  sodium  metantimonate  enamel 
compositions  and  those  in  which  oxide  of  antimony  is  used  as  the 
chief  opacifier  is  that  the  latter  contain  much  larger  amounts  of 
sodium  nitrate.  Corresponding  reduction  is  made  in  other 
sodium  compounds  so  that  the  total  sodium  oxide  content 
remains  about  the  same.     This  larger  nitrate  content  may  mean 
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that  the  oxide  of  antimony  is  converted  into  sodium  metanti- 
monate  (NajO,  Sb205)  or  simply  into  antimony  pentoxide  (SbjOs). 
Incidentally,  the  oxide  of  antimony  enamels,  which  the  writer  has 
found  in  actual  use  in  factories,  contain  considerable  cryolite; 
therefore  the  percentage  amount  of  oxide  of  antimony  can  be 
lower  than  in  the  case  of  sodium  antimonate  compositions  con- 
taining  little   or   no   cryolite. 

These  compositions  can  be  divided  into  the  same  three  types 
as  sodium  antimonate  enamels,  the  characteristics  of  each  type 
being  practically  the  same  as  before.  Enamel  XII  is  typical  of 
the  leadless  type,  enamel  XIII  of  the  low  lead  tj-pes,  and  enamels 
'KTV  and  XV  of  Jhe  medium  lead  type.*" 

Enamel  Vm 


Raw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition,  melted 

Materials 

Pounds                            Composition 

Per  cent 

390 
35 

350 
80 

140 
30 
73 

120 

Potash  feldspar: 

Silica 

25.23 

7.18 

6.59 

8.94 

12.81 

6.21 

14.00 

Calcium  oxide 

1218 

7- 30 

Antimony  oxide 

10.00 

99.94 

Empirical  chemical  formula: 


0.127  K2O 
.263  NajO 
.072  BaO 
.225  CaO 
.313  ZnO 


0.129  AI2O3 


0.761  SiOz 
•332  B2O3 
.170  Fj 
.063  SbjOg 


1. 000 


»  Compare  Brown,  R.  E.,  Trans.  A.  C.  S.,  14,  pp.  740-755.    Staley,  H.  F.,  Trans.  A.  C.  S.,  U,  pp.  i73-i89' 
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Raw  batch  for  1000  pounds,  melted 


Calculated  percentage  composition,  melted 


Materials 


Pounds 


Composition 


Per  cent 


Potash  feldspar 

Soda  ash 

Sodium  nitrate 

Borax 

Barium  carbonate. . 

Zinc  oxide 

Red  lead 

Calcium  carbonate. 

Fluorspar 

Sodium  aatimonate 


390 
45 
35 

300 
80 

HO 
31 
30 
73 

120 


Potash  feldspar: 

Silica 

Alumina 

Potassium  oxide 

Sodium  oilde 

Boric  oxide 

Barium  oxide 

Zinc  oxide 

Lead  oxide 

Calcium  oxide 

Calcium  fluoride 

Antimony  oxide 


25.23 
7.18 
6.59 

10.75 

11.00 
6.21 

11.00 
3.00 
1.68 
7.30 

10.00 


99.94 


Empirical  chemical  formula: 


0.125  K2O 
.311  NajO 
.072  BaO 
.223  CaO 
.244  ZnO 
.025  PbO 


0.127  AI2O3 


0.754  SiOj 
.282  BA 
.169  F3 
.063  SbjOs 


1. 000 


Enamel  X 


Raw  batch  lor  1000  pounds,  melted 

Calculated  percentage  composition,  melted 

Materials 

Pounds 

Composition 

Per  cent 

Potash  feldspar 

390 
55 
35 

250 
70 
85 
85 
30 
73 

120 

Potash  leldspar: 

SUica 

25.23 

7.18 

Potassium  nridft 

6.59 

Sodium  oxide 

10.52 

9.15 

Red  lead 

Barium  oxide 

5.44 

8.50 

Lead  oxide                

8.40 

1.68 

1193 

10.00 

99.99 

133621°— 19- 
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Empirical  chemical  formula : 


0.128  KjO 
.310  Na,0 
.066  Bab 
.228  CaO 
.193  ZnO 
.075  PbO 


0.130  AI2O3 


0.777  SiO^ 
.240  B2O3 
.173  F^ 
.064  SbzOj 


1. 000 


Enamel  XI 


Raw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition,  melted 

Materials 

Pounds 

Composition 

Per  cent 

Potash  feldspar 

375 
25 
25 
275 
100 
70 
102 
100 

no 

Potash  feldspar: 

Silica 

Soda  ash 

24.26 

Alumina 

6.90 

Potassium  oxide 

6.34 

Sodium  oxide 

8.57 

Boric  oxide 

10.06 

7.77 

Zinc  oxide 

7.00 

10.00 

10.00 

1182 

9.24 

100.14 

Empirical  chemical  formula: 


0.129  K2O 
.267  NajO 
.100  BaO 
.246  CaO 
.166  ZnO 
.092  PbO 


0.131  AI2O3 


0.777  SiOj 

.277  B2O3 
.246  Fj 
.062  SbjOg 


1.000 
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Raw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition^  melted 

Materials 

Pounds 

Composition 

Per  cent 

410 
70 

350 
80 

140 
30 
60 
40 
60 

Potash  feldspar: 

Silica 

Sodium  nitrate 

26  53 

Barium  carbonate 

6.93 

Calcium  carbonate 

12  81 

Cryolite.                    

Zinc  oxide 

14  00 

1240 

AliiTninnni   ftunrid** 

1.60 

. 

2.40 

Antimony  oxide 

6.00 

99.91 

Empirical  chemical  formula : 


0.132  K,0 
.288  NkjO 
.073  BaO 
.194  CaO 
.313  ZnO 


o.  150AI2O3 


0.801  SiOj 
•332  BA 
•238  F2 
.038  Sb^Os 


1. 000 


Enamel  Xm 


Saw  batch  fSr  1000  pounds,  melted 


Materials 


Pounds 


Calculated  percentage  composition,  melted 


Composition 


Per  cent 


Potash  feldspar 

Soda  ash 

Sodium  nitrate 

Borai 

Barium  carbonate. 

Zincoiide 

Red  lead 

Calcium  carbonate 

Fluorspar 

Cryolite 

Antimony  oxide 


410 
25 
70 

300 
75 

100 
46 
30 
73 
40 
60 


Potash  feldspar: 

Silica 

Alumina 

Potassium  oxide 

Sodium  oxide 

Boric  oxide 

Barium  oxide 

Zinc  oxide 

Lead  oxide 

Calcium  oxide 

Calcium  fluoride 

Aluminum  fluoride. 

Sodium  fluoride 

Antimony  oxide 


26.53 
7.54 
6.93 
8.86 

11.00 
5.83 

10.00 
4.50 
1.68 
7.30 
1.60 
2.40 
6.00 

100. 17 
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Empirical  chemical  formula: 


0.133  K2O 
.310  NajO 
.069  BaO 
.227  CaO 
.224  ZnO 
.037  PbO 


0.151  AI2O3 


0.803  SiOj 
.287  BA 
.269  Fj 
.038  SbjOj 


1. 000 


Enamel  XIV 


Raw  batch  for  1000  pounds,  melted 


Calculated  percentage  composition,  melted 


Materials 


Potash  feldspar 

Soda  ash 

Sodium  nitrate 

Borai 

Barium  carbonate. 

Zinc  oxide 

Red  lead 

Calcium  carbonate 

Fluorspar 

Cryolite 

Antimony  oxide 


Pounds 


Composition 


410 
30 
90 

240 
80 

100 
82 
30 
45 
45 
64 


1216 


Potash  feldspar: 

SUica 

Alumina 

Potassium  oxide 

Sodium  oxide 

Boric  oxide 

Barium  oxide 

Zinc  oxide 

Lead  oxide 

Calcium  oxide 

Calcium  fluoride... 

Aluminum  fluoride. 

Sodium  fluoride — 

Antimony  oxide 


Empirical  chemical  formula: 


0.135  K,0 
.328  Na,0 
.074  BaO 
.163  CaO 
.228  ZnO 
.072  PbO 


0.157  AlA 


0.818  SiOj 
.231  B2O3 
.188  F3 
.041  SbzOs 


Per  cent 


26.33 
7.54 
6.93 
8.91 
8.78 
6.21 

10.00 
8.00 
1.68 
4.  SO 
1.80 
2.70 
6.40 


99.98 


1. 000 
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Raw  batch  for  1000  pounds,  melted 

Calculated  percentage  composition*  melted 

Materials 

Pounds 

Composition 

Per  cent 

Potasb  feldspar . . 

400 
20 
75 

230 
80 
92 

117 
25 
55 
45 
58 

Potash  feldspar: 
Silica  . 

Soda  ash 

25  88 

Borax 

6  76 

Zinc  oxide 

Boric  oxide 

8  42 

Red  lead 

Fluorspar 

Lead  oxide 

11  50 

Antimony  oxide 

Calcium  fluoride 

5  50 

1197 

Sodium  fluoride 

2  70 

100.15 

Empirical  chemical  formula: 


0.158  AI2O3 


0.808  SiOj 
.225  B2O3 
.216  Fj 
.038  Sb^Os 


0.133  K2O 
.293  NazO 
.075  BaO 
.180  CaO 
.214  ZnO 
.105  PbO 

t.ooo 


IX.  LUSTER  OF  ENAMELS 
1.  CRYSTALLIZATION 

When  melted,  glasses  are  true  solutions,  corresponding  in  all 
respects  to  solutions  of  salts  and  water  at  ordinary  temperatures. 
When  these  molten  solutions  are  cooled,  we  would  expect  them 
to  turn  gradually  to  a  mass  of  crystals,  just  as  an  aqueous 
solution  of  salts  does  if  the  temperature  to  which  it  is  cooled 
is  sufficiently  low.  The  only  difference  is  that  the  glassy  solu- 
tions should  crystallize  at  higher  temperatures.  The  tempera- 
tures at  which  glasses  would  become  completely  crystalUzed  if 
sufficient  time  were  allowed  vary  from  550°  C  (1000°  F)  to 
1100°  C  (2000°  F),  yet  in  practice  they  are  cooled  and  exist 
permanently  at  atmospheric  temperatures  without  any  crystal- 
lization taking  place.  In  this  condition  they  are  still  true  solu- 
tions, differing  from  aqueous  solutions  only  in  being  so  viscous 
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that  they  are  rigid.  All  bright-finish  enamels,  glasses,  and 
glazes  may  be  regarded  then  as  undercooled  liquids.  The  txun- 
blers  from  which  we  drink  are  in  a  sense  just  as  truly  liquids  as 
the  water  they  contain. 

Of  course  if  the  constituents  of  a  glass  crystallize,  the  surface 
becomes  mat  instead  of  bright.  Since  bright-finish  enamels  are 
the  type  desired  for  enameHng  cast  iron,  the  enamel  maker  must 
so  compound  his  enamels  that  they  will  not  crystallize  when 
subjected  to  the  normal  working  and  cooUng  conditions  of  enamel- 
ing shops.  Fortimately  the  sudden  cooHng  to  which  enameled- 
iron  ware  is  subjected  is  not  favorable  to  crystallization.  On  the 
other  hand,  the  working  temperature  is  so  low  that  the  glass  is 
easily  saturated  by  the  compounds  formed  in  the  molten  magma 
by  some  of  the  oxides  used.  Just  as  a  hot,  saturated,  aqueous, 
salt  solution  tends  to  become  supersaturated  and  to  deposit 
crystals  of  the  salt  on  cooling,  just  so  does  a  hot,  satiurated,  glass 
or  enamel  solution  tend  to  deposit  crystals  when  it  is  cooled. 

(a)  Effect  of  viscosity. — ^The  most  simple  method  of  over- 
coming the  tendency  to  crj'stallize  is  to  make  the  enamel  viscous 
at  the  temperatures  at  which  crystallization  takes  place.  In  even 
a  moderately  viscous  liquid  it  takes  considerable  time  for  crystal- 
lization to  start,  and  the  rate  of  growth  is  slow.  Since  enameled 
ironware  is  cooled  so  rapidly,  suflicient  time  is  not  given  in  the 
cooling  process  for  appreciable  formation  of  crystals  in  a  viscous 
enamel  imless  the  tendency  for  deposition  of  crystals  is  very  great. 

Silica  alone  melts  to  a  very  viscous  glass,  and,  in  general, 
addition  of  silica  to  any  melt  increases  viscosity.  Silicates  high 
in  silica  also  melt  to  viscous  glasses.  If  silica  (flint,  sand)  or 
feldspar  (a  high-silica  compound)  is  added  to  an  enamel,  the 
glass  is  rendered  more  viscous  at  all  temperatixres,  and  the  tend- 
ency to  become  dull  from  crystallization  is  lessened.  Since  the 
working  temperature  of  the  enamel  is  raised  by  this  procedure, 
this  method  has  but  slight  application  in  controlling  the  viscosity 
for  enamels  that  must  matiu-e  at  temperatures  rather  rigidly 
fixed  by  shop  practice  and  working  conditions. 

Boric  oxide  alone  forms  a  very  \'iscous  glass  at  low  tempera- 
tures ;  but,  as  shown  by  the  A\Titer,*'  the  viscosity  decreases  rapidly 
as  the  temperature  rises.  The  glass  was  foimd  to  be  three  times 
as  viscous  at  750°  C  (1382°  F)  as  it  was  at  1000°  C  (1832°  F). 
The  first  temperature  approximates  that  at  which  crystalliza- 

M  The  Viscosity  ot  Molten  Glasses,  Original  Communications,  Eighth  International  Congress  of  Applied 
Chemistry,  5,  p.  127. 
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tion  takes  place  in  enamels,  and  the  second  is  near  the  maturing 
temperature  of  most  enamels  for  cast  iron.  The  borate  glasses 
of  any  given  base  resemble  silicate  glasses  in  behavior  and  be- 
come more  viscous  as  the  percentage  of  boric  oxide  increases. 
The  following  results  were  obtained  for  barium-oxide  and  boric- 
oxide  glasses : 


Per  cent  B2O3 

Per  cent  BaO 

Relative  viscosity 
at  the  same  tem- 
perature 

Per  cent  BjOj 

Per  cent  BaO 

Relative  viscosity 
at  tlie  same  tem- 
perature 

20 
25 
30 

80 

75 
70 

3.05 
3.13 
3.35 

35 
40 
45 

65 
60 
55 

3.52 
3.70 
4.02 

The  viscosity  of  borate  glasses  decreases  with  rise  of  tempera- 
tm-e  in  the  same  general  way  as  that  of  fused  boric  oxide,  but  not 
so  rapidly.  The  effect  of  increasing  the  boric  oxide  in  cast-iron 
enamels  is  to  increase  the  viscosity  at  temperatines  at  which 
crystallization  is  liable  to  take  place,  and  thus  to  decrease  the 
tendency  to  matness.  Its  effect  differs  from  that  of  silica  in  that 
the  maturing  temperature  is  not  raised,  and  in  the  case  of  many 
enamels,  actually  lowered. 

Kaolin  (china  clay)  has  a  very  decided  tendency  to  raise  the 
viscosity  of  enamels  but  is  not  much  used  in  America,  although 
foimd  in  some  German  formulas.  Any  material  which  does  not 
fuse  or  go  into  solution  ia  the  enamel,  such  as  most  metallic  oxides 
added  as  opacifiers,  makes  the  enamel  more  viscous.  Decrease  of 
any  of  the  fluxing  oxides,  except  boric  oxide,  makes  the  enamel 
more  viscous.  Therefore  viscosity  may  be  increased  by  decreasing 
any  of  these.     Decrease  of  fluorides  has  the  same  effect. 

(b)  Effect  of  Concentrations. — With  the  exception  of  boric 
oxide,  all  the  materials  in  enamel  compositions  known  as  fluxes — 
that  is,  the  oxides  of  lead,  zinc,  sodium,  potassium,  calcium, 
barium,  magnesium,  and  the  various  fluorides — tend  to  form 
compounds  which  are  easily  crystalUzable.  Lead  oxide  differs 
from  the  others  in  that  its  compoimds,  when  melted  alone,  do  not 
crystallize  imtil  very  low  temperatures  are  reached.  Lead 
silicates  do  not  crystalKze  imtil  temperatm-es  of  750°  C  (1382°  F) 
or  lower  are  reached,*^  and  lead  borates  have  even  lower  crystalli- 
zation temperatures.  Since  normal  enamel  compositions  are  too 
viscous  at  low  temperatures  to  allow  crystallization  to  take  place, 
lead  compounds  do  not  crystallize  from  enamel  glasses.  Therefore 
lead  oxide  shares  with  boric  oxide  the  distinction  of  being  a  flux 

"  Cooper,  Shaw,  and  Loomis,  Am.  Cbem.  Jour.,  p.  461;  1909. 
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yet  not  producing  mat  finish  when  present  in  the  enamel  com- 
position in  large  amounts. 

Of  course  the  tendency  for  anj^  compound  to  separate  in  the 
crystalline  form  from  a  cooling  glass  is  decreased  by  decreasing  the 
amount  of  the  compound  in  the  glass.  Therefore  the  amount  of 
each  of  the  fluxes,  except  boric  oxide  and  lead  oxide,  should  be 
kept  low.  This  means  that  as  the  total  amount  of  these  crystal- 
forming  fluxes  increases  a  greater  variety  must  be  used. 

The  effect  of  concentration  of  various  fluxing  oxides  is  sho^\'n  by 
the  follo\\Tiig  series  of  enamels.  As  the  basis  of  the  series,  the 
following  batch  was  taken: 


Materials 

Parts 
raw 

Melted  percentages,  calculated 

41.0 

24.6 
2.7 

12.0 
8.0 

26.5  silica 

7. 0  potassium  oiide 

i.ol 

>sodium  oxide 

4. 8  aluminum  fluoride 

7. 2  sodium  fluoride 
8.0  tin  oxide 

75.0  constant 
25. 0  variable 

100.0 

The  composition  of  the  25  per  cent  variable  part  and  the  luster 
of  the  resultant  enamels  is  indicated  in  Table  5. 

Table  5. — Effect  of  Composition  of  Enamels  on  Luster 


Number 

Na,0 

from 

Bodaasb 

BaO  from 

barium 

cait}onate 

CaO  from 
calcium 
carbonate 

ZnO  from 
zinc  oxide 

PbO  from 
red  lead 

B«Os  from 
boric  acid 

Luster 

1 

25 

Mat 

2 

25 

3 

25 

Not  melted 

4 

25    .. 

Mat 

5 

25 

Bright 
Do. 

6 

25 

7 

12.5 
12.5 
12.5 

12.5 

Semimat 

8 

12.5 

Mat 

9 

12.5 

Seminiat 

10 

12.5 
12.5 

12.5 

Do. 

11 

12.5 
12.5 

Bright 
Do. 

12 

12.5 
8.33 
8.33 
8.33 
8.33 

13 

8.33 

8.33 
8.33 
8.33 
8.33 

OUy 
Bright 
Do. 

14... 

8.33 

15 

5.00 
5.00 

3.33 

16 

3.33 

Do. 
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(c)  Enameling  Technique. — Any  necessity  for  prolonging  the 
enameling  operation  that  involves  partial  cooling  and  reheating 
of  the  enamel  after  the  coat  is  matiired  furnishes  favorable  op- 
portunity for  the  development  of  crystallization  and  dull  finish. 
Therefore,  considerable  care  must  be  taken  to  avoid  all  necessity 
for  patching  by  having  castings  in  the  best  possible  shape  for 
enameling  before  the  operation  commences,  and  by  employing 
the  most  skillful  workmen  to  apply  the  enamel. 

2.  SULPHUR  COMPOUNDS 

It  is  well  known  that  sulphur  compounds  in  an  enamel  tend  to 
separate  on  the  surface  in  featherlike  crystals,  causing  a.diminution 
of  luster.  While  this  may  be  due  to  sulphur  in  the  enamel  mate- 
rials— and  the  presence  of  sulphur  in  these  should  be  avoided — it 
is  not  probable  that  enamel  compositions  made  from  the  grade 
of  chemicals  commonly  employed  contain  enough  sulphur  to 
cause  the  trouble.  Seger  has  shown  that  a  glass  can  contain  2  to 
4  per  cent  of  sulphur  trioxide  and  still  be  perfectly  clear.^^  It  is 
interesting  to  note  that  when  Seger  made  a  melt  from  sodium 
carbonate,  barium  sulphate  and  siHca,  the  glass  gall  which  sepa- 
rated when  an  excess  of  sulphur  was  present  consisted  of  sodium 
sulphate  and  not  barium  sulphate  as  might  be  expected  from  the 
strong  affinity  of  barium  for  sulphur  at  low  temperatures.  In 
fact  glass  gall  from  common  glasses  ordinarily  consists  largely  of 
sodium  sulphate.  Mellor  records  experiments  in  which  ordinary 
pottery  glazes  were  found  to  dissolve  comparatively  large  amounts 
of  various  sulphates,  such  as  those  of  barium,  calcium,  lead,  sodium, 
and  potassium,  without  showing  any  ill  effects.**  An  experienced 
enamel  mixer  states  that  he  once  had  a  separation  of  sodium 
sulphate  in  the  form  of  glass  gall  in  considerable  amount  from  an 
enamel  batch  in  the  melting  tank.  In  grinding  this  batch  he 
mixed  the  glass  gall  with  the  good  glass  and  got  satisfactory  ware 
from  the  mixture.  Mellor  beUeves  that  the  feathering  of  pottery 
glazes  by  sulphur  is  due  to  the  saturation  of  a  surface  film  of  the 
glaze  by  sulphur  in  the  kiln  atmosphere.  This  is  probably  the 
case  in  enamels,  also,  for  it  occurs  most  frequently  when  a  sulphtu:- 
bearing  fuel  is  used  for  heating  the  enameUng  fimiaces.  A 
number  of  enameling  plants  experienced  difficulty  from  sulphur 
feathering  when  they  changed  from  the  use  of  natural  gas  to 
bituminous  coal.     The  trouble  is  much  less  common  when  well- 

^3  Collected  Writings  of  Herman  A.  Seger,  American  Ceramic  Society,  p.  646. 
^  Mellor,  J.  \V.,  Clay  and  Pottery  Industries,  I,  p.  63. 
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ventilated  muffles  are  used  than  when  the  air  currents  in  these 
are  sluggish.  Cracks  in  the  floor  of  the  muffle  which  allow  prod- 
ucts of  combustion  to  leak  in  are  apt  to  produce  sulphured  ware. 
Open-arch  or  semimuffle  kilns  are  prone  to  produce  ware  of  poor 
gloss  unless  a  strong  draft  is  used  so  as  to  keep  the  flame  hugging 
the  roof  of  the  furnace. 

Sometimes  quickUme  is  placed  aroimd  the  inside  of  the  muffle 
against  the  walls,  in  the  hope  that  the  quicklime  will  absorb  the 
sulphur.  This  is  generally  not  very  effective.  In  the  first  place, 
it  is  only  rarely  that  the  sulphur-bearing  fumes  pass  through  or 
over  the  quicklime  unless  it  is  placed  directly  over  a  crack  or  hole. 
The  lime  does  not  attract  the  sulphur  from  the  kiln  atmosphere 
as  a  whole.  In  the  second  place,  if  sulphur-bearing  fmnes  do 
come  in  contact  with  the  lime,  this  soon  becomes  saturated  and 
should  be  replaced  much  more  often  than  is  the  common  practice. 
One  per  cent  of  volatile  sulphur  in  a  ton  of  coal  will  give  40  pounds 
of  sulphur  dioxide  or  50  pounds  of  sulphur  trioxide,  either  of  which 
will  neutralize  35  pounds  of  quicklime  if  brought  into  intimate 
contact  with  it.  Sometimes  it  pays  to  pile  quicklime  over  a 
temporary  patch  in  the  floor  of  a  muffle,  but  even  then  the  lime 
should  be  changed  daily. 

3.  INDEX  OF  REFRACTION 

Aside  from  the  question  of  glasses  being  dulled  by  the  presence 
of  crystals  or  sulphur  compoiuids  on  their  surface,  the  brillance 
of  the  glasses  themselves  will  vary.  The  brilliance  of  a  glass  is 
measured  by  its  refraction  of  light;  the  higher  the  index  of  re- 
fraction, the  more  brilliant  the  glass.  In  any  one  class  of  glasses 
the  greater  the  density  of  the  glass  the  higher  is  the  index  of 
refraction.'^  Since  lead  oxide,  barium  oxide,  and  zinc  oxide 
tend  to  produce  very  heavy  glasses,  they  also  produce  glasses  of 
great  brilliancy.  Potassimn  oxide  makes  more  brilliant  glasses 
than  sodium  oxide,  and  substitution  of  boric  oxide  for  silica  makes 
more  brilliant  glasses,  although  the  density  of  the  glass  is  lowered 
slightly .  High  flint  enamels  are  generally  more  brilliant  than  those 
in  which  feldspar  is  the  only  refractory. 

"  Hovestadt,  H.,  Jena  Glass,  pp.  sSa-jg]. 
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X.  CRAZING  IN  ENAMELS 
1.  PRACTICAL  CONTROL  OF  GENERAL  CRAZING 

Sometimes  a  large  proportion  of  the  ware  made  in  a  plant 
'  'crazes,  "  or  develops  fine  cracks,  and  '  'shivers,  "  or  chips  off  the 
ware.  This  general  crazing  or  shivering  is  usually  much  more 
easily  remedied  than  the  trouble  arising  in  single  patterns  or 
shapes  to  be  discussed  later.  Nevertheless,  the  chemical  and 
physical  principles  involved  are  rather  complex,  and  it  is  desira- 
ble that  the  treatment  of  such  cases  be  fully  set  forth,  together 
with  as  much  of  an  explanation  for  them  as  we  can  reach.'" 

It  must  be  understood  that  in  this  discussion  we  are  dealing 
with  enamels  applied  by  the  American  process,  by  which  a  thick 
coat  of  opaque  glass  is  sifted  dry  on  to  a  thoroughly  fused  and  ex- 
tremely thin  ground  coat.  It  is  not  intended  to  discuss  the  pro- 
blems as  they  appear  in  enamels  applied  by  the  wet  process  in 
which  a  relatively  thin  cover  coat  is  applied  to  a  thick,  and  only 
partially  fused,  opaque  ground  coat. 

(o)  SegEr's  RuIvES. — Any  discussion  of  the  control  of  crazing 
must  go  back  to  the  work  of  Seger  and  his  well-known  rules  for 
correcting  the  defects  of  fritted  glazes  by  altering  their  composi- 
tion which  are  as  follows :  *' 

I.  On  the  Occurrence  of  Crazing:  (a)  By  an  increase  of  the  silica  content  and 
decrease  of  the  fluxes;  raising  the  alumina  at  the  same  time,  if  this  is  necessary  to 
prevent  devitrification.  With  an  increase  of  the  silica  and  also  the  alumina  content, 
an  elevation  of  the  melting  point  of  the  glaze  takes  place. 

(6)  By  an  increase  of  the  boric  acid  at  the  expense  of  the  silica  (in  chemically 
equivalent  amounts),  leaving  the  other  ingredients  of  the  glaze  unaltered.  By 
this,  a  lowering  of  the  melting  point  of  the  glaze  is  accomplished. 

(c)  By  substitution  of  one  of  the  fluxes  with  a  high  equivalent  weight  (and ,  therefore 
giving  a  glaze  with  a  low  percentage  of  silica)  by  one  having  a  lower  equivalent  weight 
(and ,  therefore ,  giving  a  glaze  with  a  higher  percentage  of  silica) .  An  elevation  of  the 
melting  point  of  the  glaze  is  coincident  with  this  change. 

II.  On  the  Occurence  of  Shivering,  Cracking  of  the  Edges,  etc. :  Reverse  the  above 
rules. 

The  wording  of  the  rules  will  be  mystifying  to  most  enamel 
workers.  They  are  not  accustomed  to  talking  about  '  'equivalent 
weights. "  This  language  is  due  to  the  custom,  established  by 
Seger,  of  recasting  the  composition  of  glazes  into  certain  chemical 
units  for  purposes  of  calculation  and  comparison  (see  section  on 
calculation  of  enamel  formulas) . 

"'Staley,  Homer  F.,  Trans.  A.  C.  S..  14.  pp.  516-545. 

"  The  Collected  Writings  of  H.  A.  Seger,  American  Ceramic  Society,  p.  581. 
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Rules  A  and  C  can  be  combined  and  made  to  read,  practically 
in  the  words  of  Seger,  as  follows :  On  the  occurrence  of  crazing,  in- 
crease the  percentage  of  silica,  or  silica  and  alumina,  thus  rendering 
the  glaze  tnore  infusible.  This  rule  is  well  known  to  all  enamel 
workers,  and,  in  fact,  to  the  majority  of  enameling  plant  workmen. 
It  is  common  parlance  around  an  enameling  room  to  say  "If  the 
enamel  crazes,  harden  it;  if  it  shivers,  soften  it.  "  ^^ 

Application  to  Enameling  Practice. — This  simple  statement  of 
Seger 's  rules  A  and  C  found  in  the  '  'harden  or  soften  "  rule  of  the 
enameling  shop  is  usually  applied  in  cases  of  general  crazing,  or 
shivering.  In  many  cases  it  is  effective.  The  actual  variation 
in  the  enamel  batch  differs  widely  among  enamel  workers.  Red 
lead  is  most  often  used  as  a  variant.  Variation  in  the  amoimt  of 
fluorspar  or  cryolite  is  sometimes  used.  We  know  of  one  enamel 
maker  who  for  several  years  successfully  controlled  crazing  and 
shivering  of  this  kind  by  varying  soda  ash.  In  oxir  own  experience, 
we  have  varied  red  lead,  fluorspar,  cryolite,  barium  carbonate, 
soda  ash,  borax,  glassmakers'  sand,  flint,  and  feldspar. 

Probably  the  safest  ingredient  to  vary  is  feldspar.  Since  this 
is  present  in  such  a  large  amount  in  the  batch,  a  moderate  variation 
does  not  make  a  radical  change  in  the  general  make-up  of  the 
enamel.  Thus  there  is  little  danger  of  loss  of  luster,  tendency  to 
blister,  change  in  tint,  loss  of  opacity,  etc.  We  thus  deduce  the 
following  practical  rule  for  shop  practice. 

Rule  I:  When  general  crazing  occurs  in  a  fusible  enamel,  in- 
crease the  feldspar.  When  general  shivering  occurs  in  a  refractory 
enamel,  decrease  the  feldspar. 

Seger's  rule  B  states  that  crazing  may  be  reduced  by  increase 
of  the  boric  acid  at  the  expense  of  the  silica,  and  that  a  lowering 
of  the  fusing  point  of  the  glaze  accompanies  this  change.  In  the 
terms  of  enamel  makers,  this  means  that  crazing  may  be  reduced 
by  substituting  boric  acid  for  flint  in  the  proportion  of  1 24  parts 
of  raw  boric  acid  for  60  parts  of  flint.  The  validity  of  this  rule 
as  a  cure  for  crazing  in  glazes  has  been  called  in  question  by  Purdy 
and  Fox  ^^  and  others.  The  effectiveness  of  this  rule  for  application 
in  Cluing  all  cases  of  general  crazing  has  been  questioned  by  the 
writer.'"  If  a  soft  enamel  crazes,  substitution  of  boric  acid  for 
flint  will  not  cure  the  crazing.     However,  we  sometimes  find 

®  "Harden"  is  used  by  enamelers  in  the  sense  of  "render  more  infusible."      "Soften"  is  used  in  the 
sense  of  "render  more  fusible." 
^  Trans.  Amer.  Cer.  Soc,  9.  p.  177. 
"Ibid.,  10.  p.  120. 
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general  crazing  in  hard  enamels  in  which  any  attempt  to  cure 
the  crazing  by  application  of  Seger's  rules  A  and  C,  either  in 
their  complex  form  as  used  by  some  clayworkers  or  in  their 
simplified  form  as  used  by  enamel  makers,  results  only  in  making 
the  crazing  worse.  This  treatment  may  go  so  far  as  to  render  the 
enamel  too  hard  to  be  workable  without  decreasing  the  crazing. 
As  has  been  demonstrated,  this  is  due  in  many  cases  to  the  fact 
that  the  enamel  is  too  hard  for  the  ground  coat. 

When  crazing  occurs  in  a  refractory  enamel,  we  have  found 
that  a  modified  form  of  Seger's  rule  B,  consisting  of  increase  of 
boric  oxide  without  decreasing  silica,  is  the  safest  plan  to  follow. 
Boric  oxide  may  be  increased  by  simply  putting  in  hydrous 
boric  acid.  In  case  it  is  desired  to  increase  boric  oxide  by  putting 
in  borax,  a  reduction  may  be  made  in  the  soda  ash  in  order  that 
the  sodium  in  the  enamel  may  not  be  raised.  The  addition  of 
38  pounds  of  borax  and  the  removal  of  10.5  potmds  of  soda  ash 
will  have  the  same  effect  as  the  addition  of  25  pounds  of  raw  boric 
acid.  This  gives  us  all  the  advantage  of  a  decrease  in  coefficient 
of  expansion  if  the  crazing  should  happen  to  be  due,  in  part,  to 
high  coefficient  of  expansion  in  the  enamel,  and  at  the  same  time 
gives  a  more  fusible  enamel  which  is  better  suited  to  the  ground 
coat.     This  leads  to  the  following  rule  for  shop  practice : 

Rule  II:  When  general  crazing  occurs  in  a  refractory  enamel, 
increase  boric  oxide. 

(6)  Relation  of  Fusibility  of  the  Ground  Coat  to  That 
OF  THE  Enamel. — As  was  stated  above,  general  crazing  some- 
times seems  to  be  due  to  a  lack  of  conformity  between  the  fusi- 
bility of  the  ground  coat  and  that  of  the  enamel,  such  lack  of 
conformity  resulting  in  poor  adhesion  between  the  enamel  and  the 
iron.  We  have  known  cases  where  an  enamel  that  was  giving  good 
results  crazed  or  shivered  when  applied  over  a  ground  coat  that 
had  given  good  results  with  another  enamel.  In  fact,  in  extreme 
cases,  both  crazing  and  shivering  would  occur  even  on  the  same 
piece  of  ware.  In  these  cases  the  trouble  was  remedied  by  chang- 
ing the  fusibility  of  either  the  enamel  or  the  ground  coat. 

This  lack  of  conformity  may,  of  course,  take  two  forms:  First, 
the  enamel  may  be  too  refractory  for  the  ground  coat.  In  this 
case,  if  the  enamel  is  properly  fused,  the  ground  coat  is  simply' 
burned  to  a  cinder  under  the  enamel  and  the  bond  between  the 
enamel  and  iron  is  destroyed.  If  the  ware  is  fired  only  until  the 
groimd  coat  is  at  its  best  strength,  the  enamel  coat  is  not  only 
rough  but  immature  and  consequently  liable  to  craze.     Second, 
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the  enamel  may  be  too  fusible  for  the  ground  coat.  In  this  case 
the  enamel  matures  before  the  grotmd  coat  has  become  fluid 
enough  to  take  a  proper  hold  on  the  iron,  and  consequently  no 
firm  bond  between  the  enamel  and  iron  is  ever  formed.  The 
obvious  remedy  is  to  bring  the  maturing  point  of  the  enamel  and 
the  temperature  range  at  which  the  ground  coat  is  at  its  best 
closer  together.  Since  at  most  plants  either  the  enamel  or  ground 
coat  will  have  a  fusibility  suited  to  the  general  working  conditions 
of  the  enameling  room,  the  remedy  will  consist  of  an  alteration  o  f 
the  fusibility  of  the  other  coat.  Incidentally,  we  might  say 
that  in  some  cases  it  would  probably  be  advisable  to  secure  a 
ground  coat  with  a  longer  temperature  range.  This  may  be 
summarized  in  the  following  rule  for  shop  practice : 

Rule  III:  In  all  cases  of  general  crazing  or  shivering,  and 
especially  in  cases  where  these  defects  occur  together,  bring  the 
fusibility  of  the  grotmd  coat  and  enamel  into  proper  conformity. 

(c)  Advantages  of  a  Thin  and  Uniform  Coat  of  Enamel. — 
It  has  been  the  experience  of  the  writer,  working  in  several  shops 
and  with  many  different  enamels,  that  the  thinner  and  more 
imiform  the  enamel  coat  the  less  likely  it  was  either  to  craze  or 
shiver.  As  far  as  it  has  been  possible  to  ascertain,  this  has  been 
the  experience  of  all  enamel  makers.  This  gives  us  another  rule 
for  shop  practice. 

Rule  IV:  Apply  the  enamel  to  the  ware  in  as  thin  and  as 
imiform  a  coat  as  possible. 

(d)  Variations  in  Strength  and  Elasticity  of  Enamels. — 
Various  enamels  of  the  same  fusibility  show  minor  differences  in 
their  tendency  to  craze  and  to  shiver.  In  some  cases  increase  in 
the  percentage  of  a  certain  fluxing  material  at  the  expense  of 
another  fluxing  material,  in  such  proportions  as  to  keep  the 
fusibility  of  the  enamel  the  same,  always  tends  to  reduce  crazing 
and  to  produce  chipping.  The  writer  has  found  this  true  of  boric 
oxide.  In  other  cases  increase  in  the  percentage  of  a  certain 
ingredient,  keeping  the  fusibility  the  same,  tends  to  accentuate 
the  defect  in  fit  to  which  the  given  enamel  is  subject.  If  the 
enamel  tends  to  craze,  the  change  makes  the  crazing  worse;  if  it 
tends  to  shiver,  the  substitution  increases  the  shivering.  We 
believe  that  the  alkali  oxides  and  the  fluorides  have  this  tendency. 
In  still  other  cases  the  substitution  of  a  certain  ingredient  for 
others,  keeping  the  fusibility  the  same,  minimizes  the  fault  of  fit 
to  which  the  enamel  is  subject.  The  use  of  lead  oxide  and  of 
zinc  oxide  has,  according  to  the  observation  of  the  writer,  this 
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effect  when  substituted  for  other  fluxing  materials.  Zinc  oxide, 
however,  must  be  used  with  caution,  for  it  forms  compounds  that 
are  easily  crystalUzed.  When  this  occurs  the  enamel  loses  not 
only  strength  but  also  loses  its  luster. 

2.  CAUSES  OF  GENERAL  CRAZING 

(a)  Physical  Principles  Involved. — Crazing  and  chipping 
consist  of  the  rupturing  of  the  enamel,  the  rupture  being  in 
different  directions  in  the  two  cases.  A  solid  becomes  ruptiored 
only  by  the  application  of  a  stress.  We  need  then  to  consider  the 
possible  causes  of  stress.  Since  no  stress  can  exist  in  the  enamel 
while  it  is  in  the  fused  condition,  all  stresses  must  be  introduced 
subsequent  to  that  stage  of  the  work. 

Stresses  may  be  introduced  by  external  or  internal  forces.  ' 
Stresses  produced  by  external  forces,  such  as  those  made  by 
clamps  or  resulting  from  blows,  are  causes  of  stress  in  certain 
pieces  of  enameled  ware ;  but  they  are  not  operative  in  the  making 
of  the  large  majority  of  pieces.  They  must  be  considered  as  a 
cause  of  crazing  in  special  pieces,  but  not  of  general  crazing. 

Internal  forces  can  result  only  from  the  tendency  of  the  solid 
materials  to  expand  or  contract.  Expansion  and  contraction  may 
occur  in  the  metal  or  in  the  enamel.  They  may  result  from 
changes  of  phase,  i.  e.,  development  of  bodies  with  new  properties, 
or  from  thermal  expansion.  An  important  change  of  phase  in 
cast  iron  is  the  formation  of  oxides  of  silicon  and  other  elements, 
which  results  in  permanent  expansion  or  growth  of  castings. 
The  separation  of  graphite  which  failed  to  separate  at  the  recales- 
cence  temperatm-e,  700°  C  (1690°  F),  due  to  rapid  cooling  of  the 
casting  when  made,  may  be  a  factor  in  some  cases.  This  must  be 
considered  as  a  possible  cause  of  stress  in  cases  of  general  crazing. 
Phase  changes  in  the  enamel  would  occur  if  it  crystallized,  but 
this  is  to  be  avoided  in  any  case.  The  production  of  gas  bubbles 
in  the  enamel  might  be  included  here  for  the  sake  of  completeness, 
although  the  stresses  produced  by  the  gas  itself  are  probably  quite 
insignificant,  however  deleterious  the  bubbles  may  be  for  other 
reasons. 

Thermal  expansion  (the  term  may  be  used  to  include  contrac- 
tion, which  is  negative  expansion)  may  introduce  stresses  as  the 
result  of  inequality  of  temperature  or  difference  of  the  expansion 
coefficients  of  different  parts  of  the  structure.  The  expansion  or 
contraction  of  a  structure  with  temperature  tmiformity  and  with 
equal  expansion  coefficients  in  all  parts  and  without  phase  change 
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can  produce  absolutely  no  stress.  Inequality  of  temperature  is 
the  important  factor  in  producing  stress  in  certain  castings  and  is 
probably  a  contributory  cause  of  stress  in  all  cases  of  crazing. 
Difference  of  expansion  must  be  considered  as  a  possible  cause  of 
stress  in  cases  of  general  crazing. 

The  accompanying  chart  summarizes  the  above  and  shows  that 
the  three  possible  causes  of  stress  in  cases  of  general  crazing  are: 
Growth  due  to  the  formation  of  oxides,  inequality  of  temperature, 
and  inequality  of  expansion  coefficients. 

External   Operative  la  crazing  in  certain  castings,  but  not  in  cases  of  general  crazing 
forces 

fin  iron,  growth  due  to  for-       A  possible  cause  of  stress  in 
mation  of  oxides  general  crazing 


Causes 

of 

stress 


Internal  , 
forces 


Change     of     dlmensionsj 
with  change  of  phase      1 


(In  enamel,  crystallization 


Inequality  of  temperature 


Change     of     dimensions 

without  change  of  phase 

(thermal  expansion) 


Inequality    of    expansion 
coefficients 


Avoided 


Main  cause  of  stress  In  crazing 
in  certain  castings  and 
probably  a  contributory  cause 
in  all  cases  of  crazing. 


A  possible  cause  of  stress  in 
general  crazing 


Whether  the  stress  operating  will  cause  the  enamel  to  rupture 
will  depend  upon  the  magnitude  of  the  stress,  the  form  and 
thickness  of  the  enamel  coating,  the  breaking  strength  of  the 
enamel,  its  elasticity,  and  its  adhesion  to  the  iron. 

It  is  obvious  that,  even  when  the  general  nature  of  the  phenom- 
ena as  presented  above  are  known,  it  may  be  very  difficult  to 
learn  the  precise  causes  of  a  particular  defect  or  to  find  the  best 
remedy.  This  is  no  reason  why  the  available  facts  should  not  be 
presented,  in  order  that  the  knowledge  may  be  used  when  possible 
and  may  form  the  basis  of  developments  in  the  work. 

(6).  Growth  of  Cast  Iron  as  a  Factor  in  Causing 
Stress. — Whenever  a  piece  of  cast  iron  is  heated  above  650°  C 
(1200°  F)  in  contact  with  air  and  cooled  again,  it  is  found  to  have 
undergone  a  permanent  expansion  or  growth.^'  This  is  attrib- 
uted to  conversion  of  part  of  the  elemental  silicon  and  iron  into 
oxides  and  the  conversion  of  combined  carbon  into  the  graphite 
fonn.  the  oxidation  of  silicon  being  the  most  important  factor. 
The  size  of  the  piece  is  increased  approximately  in  propor- 
tion to  the  amount  of  silicon  present.  The  amount  of  growth 
depends  on  the  composition  of  the  iron,  the  thickness  and  method 
of  manufacture  of  the  casting,  and  the  temperature  and  dura- 
tion of  heating.     In  any  one  plant  these  factors  are  not  apt  to 


51  Rugan.  H.  F..  and  Carpenter.  H.  C.  H..  Journal  of  the  Iron  and  Steel  Institute,  80,  II,  pp.  29-143, 
1909.    Carpenter,  H.  C.  U..  83, 1,  pp.  196-348,  1911. 
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vary  greatly,  but  the  variation  in  two  plants  may  be  marked. 
The  increase  of  size  is  most  noticeable  the  first  time  the  iron  is 
heated  after  it  is  cast,  as  the  amomit  of  growth  with  successive 
heatings  is  small. 

When  a  "green"or  unannealed  casting  is  enameled,  the  amount 
of  contraction  the  iron  should  undergo  in  cooling  is  lessened  by 
the  growth  taking  place  while  the  iron  is  at  temperatures  above 
650°  C.  Therefore  the  iron  will  be  fitted  by  an  enamel  with  a 
low  coefiicient  of  expansion.  If  the  casting  is  annealed  and  then 
enameled,  the  contraction  in  cooling  will  not  be  offset  by  any 
material  growth,  therefore  will  be  greater  than  in  the  case  of  a 
green  casting,  and  will  necessitate  the  use  of  an  enamel  with  a 
relatively  high  coefficient  of  expansion.  The  total  contraction  un- 
dergone by  the  casting  in  cooling  through  a  given  temperature 
range  will  depend  on  its  coefficient  of  expansion  and  on  the  changes 
in  volume  due  to  growth  of  the  casting. 

Failure  to  take  cognizance  of  the  effect  of  oxidation  results  in 
stresses  occiuing  in  the  enamel  that  may  cause  chipping  or 
crazing.  Chipping  of  reenameled  pieces  in  shops  in  which  an- 
nealing is  not.  practiced  is  notorious,  and  it  has  often  been  noticed 
that  there  is  a  general  tendency  for  annealed  pieces  to  chip  when 
only  part  of  the  output  of  a  facotry  is  being  annealed.  It  has 
also  been  observed  that  when  a  shop  changes  from  the  use  of 
green  castings  to  annealed  ones,  without  changing  enamel,  chip- 
ping is  apt  to  occvn,  and,  in  case  of  the  reversed  change,  crazing 

(c).  Inequauty  of  Temperature. — It  is  practically  impossible 
to  have  every  part  of  a  piece  of  enameled  iron  at  exactly  the 
same  temperature  when  it  starts  to  cool;  and  it  is  altogether  im- 
possible in  the  accepted  manner  of  manufacture  to  cool  every 
part  at  exactly  the  same  rate.  Therefore  in  the  cooling  of  any 
piece  of  enameled  ware,  strains  are  set  up  due  to  lack  of  uniform 
cooling.  From  our  knowledge  of  the  effect  of  such  strains  on 
the  strength  of  unannealed  glass,  we  must  conclude  that  these 
strains  must  be  very  severe.  If  a  sheet  of  glass  the  size  and  shape 
of  the  enamel  coating  on  a  bathtub,  for  instance,  were  cooled 
in  the  same  manner  that  the  enamel  coatings  are  customarily 
cooled,  it  would  be  destroyed  by  the  strains  due  to  imequal 
cooling  and  the  relative  concentration  of  these  strains  at  certain 
places  by  warping.  That  the  enamel  coating  is  not  destroyed  in 
the  same  way  is  due  to  its  attachment  to  the  iron  which  prevents 
excessive  warping  and  also  holds  together  the  various  parts  of  the 
coating. 
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These  strains  due  to  unequal  cooling  are  known  to  be  the  cause 
of  crazing  in  the  case  of  certain  castings.  They  are  probably  a 
contributory  cause  of  stress  in  all  cases  of  crazing. 

(d).  Inequality  of  Expansion  Coefficients. — Among 
enamel  makers  and  ceramists  in  general  there  has  been  a  tendency 
to  consider  crazing  and  shivering  as  due  simply  to  a  difference  in 
coefficients  of  thermal  expansion  of  the  enamel  and  body,  and 
to  lose  sight  of  the  other  factors  involved.  It  is  to  be  noted  that, 
although  Seger  did  more  than  any  other  man  to  establish  this 
theory  of  crazing  in  the  minds  of  ceramists,  he  never  did  any  ex- 
perimental work  to  prove  the  validity  of  the  theory.  That  his 
rules  A  and  C,  given  above,  work  in  glazes  and  enamels  in  the 
majoritv  of  cases  of  general  crazing  or  shivering  there  can  be  no 
question.  Rule  B  has  been  fovmd  to  work  in  glazes  only  under 
certain  conchtions,  and  the  same  holds  true  in  enamels,  as  has 
been  shown.  That  these  rules  are  a  direct  means  of  var^^ing  the 
coefficient  of  expansion  is  far  from  being  estabb'shed. 

Winkelman  and  Schott'^  determined  the  actual  thermal 
coefficient  of  expansion  of  30  different  glasses.  They  have  pub- 
lished the  following  coefficients,  by  which  the  percentages  of  the 
constituent  oxides  of  a  glass  are  to  be  multiplied  in  order  to  obtain, 
by  addition,  ten  million  times  the  value  of  the  cubical  expansion 
of  the  glass  per  degree  centigrade. 


Na^O. 

K2O.. 

CaC. 


10.  o 
8.5 
5° 
S-° 


BaC 
ZnO. 
SiOj., 
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.8 

.  I 

.  I 


PbO ; 

flayer  and  Havas"  have  done  a  vast  amount  of  valuable 
work  in  measuring  the  coefficients  of  expansion  of  enamels.  These 
experiments  confirm  the  \'alues  of  Winkelman  and  Schott  withia 
2  per  cent,  except  that  for  PbO  which  they  make  4.2.  In  addition 
they  have  foimd  values  for  enamels  containing  opadfiers  as 
follows : 


NajAlF, 7-4 
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ThO, 

BeO. 
CoC. 
AIF3. 
CeOj. 
PbO. 


7-4 
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«  Ann.  d.  Phys.  v.  Cbem.,  51.  p.  735.  and  "Jena  Glass,"  by  Hovestadt,  p.  217. 
M  Sprechsaal,  42,  p.  497;  44,  pp.  188,  207,  220- 
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They  found  the  coefficient  of  expansion  of  enamels  for  sheet 
steel  to  average  around  0.0000300  and  that  of  the  steel  used  in 
making  enamel  sheet  steel  wares  to  average  around  0.0000400. 
They,  therefore,  believe  that  the  enamel  on  enameled  sheet  steel 
utensils  is  under  considerable  compression.  Tliis  opinion  is  verified 
by  the  well-known  fact  that  the  enamel  on  this  sort  of  ware  seldom 
crazes  but  is  rather  prone  to  shiver.  Mayer  and  Havas  beUeve 
that,  owing  to  the  limitations  on  variation  in  composition  of  this 
t)^  of  enamel  fixed  by  practical  consideration  of  manufacture 
and  necessary  properties  in  the  furnished  ware,  it  is  not  possible 
to  produce  an  enamel  for  sheet  steel  with  a  coefficient  much  higher 
than  75  per  cent  of  that  of  the  steel.  They  conclude  that  success 
in  making  this  type  of  ware  must  depend  on  care  in  manufacture, 
and  especially  on  producing  ware  with  a  thin  coat  of  enamel  and 
one  of  uniform  thickness  in  order  that  the  elasticity  of  the  enamel 
may  be  developed  to  the  highest  degree. 

The  relations  between  chemical  composition  and  physical  prop- 
erties of  enamels  and  glasses  have  never  been  carefully  studied. 
The  coefficients  given  here  and  also  in  subdivisions  3,  4,  and  5 
of  this  section  are  open  to  question  on  account  of  the  small  number 
of  compositions  investigated.  Furthermore,  it  is  not  to  be  taken 
for  granted  that  these  physical  constants  are  strictly  linear  fimc- 
tions  of  the  percentages  of  the  constituent  oxides.  It  must  be 
remembered  also  that  the  various  coefficients  are  likely  to  change 
with  temperature.  These  coefficients  are  given  because  they  are 
the  best  available  and  because  they  have  proved  to  have  prac- 
tical value  when  used  advisedly. 

Using  the  factors  of  Mayer  and  Havas,  the  following  values  are 
calculated  representing  10  000  000  times  the  value  of  the  cubical 
expansion  of  twelve  tin-bearing  enamels  for  cast  iron  which  have 
been  actually  used  in  factories: 


1 31° 

11 317 

HI 317 

IV 327 

V 319 

VI 319 


VII •. 298 

VIII 290 

IX 296 

X 292 

XI 292 

XII 311 


The  cubical  coefficient  of  expansion  of  cast  iron,  when  multi- 
plied by  10  000  000,  has  been  foimd  to  be  close  to  310.  It  will  be 
seen  that  the  coefficient  of  the  enamels  varies  around  that  of  cast 
iron.  This  may  explain  how  an  enamel  on  cast  iron  may  develop 
either  crazing  or  shivering,  while  sheet  enamels  do  not  craze. 
Using  a  number  of  these  enamels  on  the  same  cast  iron,  the  writer 
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has  not  noticed  any  particular  tendency  for  the  enamels  with  high 
coefficients  to  craze  or  for  those  with  low  coefficients  to  shiver. 

It  is  of  interest  to  note  in  this  connection  that  Purdy  and  Potts  ^ 
measured  the  coefficient  of  expansion  of  a  large  number  of  por- 
celain bodies  which  were  then  all  glazed  %vith  the  same  glaze. 
It  was  found  that  the  crazing  which  appeared  bore  no  direct  re- 
lation to  the  coefficient  of  contraction  of  the  porcelain  body. 

In  considering  the  relation  between  expansion  coefficients  and 
crazings,  it  should  be  remembered  that  the  magnitude  of  the 
stresses  that  result  from  difference  of  expansion  coefficient  will 
depend  not  only  upon  that  difference  but  also  upon  the  solidify- 
ing temperature  of  the  enamel.  Another  consideration  is  that 
the  expansion  coefficient  of  a  sample  of  the  enamel  may  not  be 
the  same  as  that  of  the  enamel  on  the  metal,  for  the  two  coats  of 
enamel  probably  flux  together  somewhat,  although  in  American 
practice  the  ground  coat  is  so  thin  that  this  action  must  have 
shght  effect  on  the  comparatively  thick  cover  coat.  Also  the 
ground  coat  probably  dissolves  some  iron  oxide  from  the  iron,  and 
most  expansion  coefficients  change  with  the  temperattu^e.  More- 
over, all  the  change  in  the  dimensions  of  glass  resulting  from  a 
change  in  temperatiue  does  not  always  occur  at  the  same  time 
that  the  temperature  changes,  but  may  continue  slowly  for  months 
or  even  years.  This  may  accotmt  for  crazing  or  chipping  occxuring 
a  long  time  after  the  ware  has  been  made. 

Some  of  the  means  used  in  enameling  shop  practice  for  over- 
coming crazing  tend,  according  to  the  coefficients  listed  here,  to 
reduce  the  coefficient  of  expansion  of  the  enamel.  Instances 
of  this  are  increasing  silica  or  boric  oxide.  On  the  other  hand, 
increasing  the  percentage  of  sodium  or  lead  oxides  in  order  to 
overcome  crazing  in  a  refractory  enamel  increases  the  coefficient 
of  expansion  of  the  enamel,  for  these  oxides  have  coefficients 
higher  than  the  average  enamel. 

As  explained  in  the  discussion  of  the  growth  of  the  cast  iron, 
the  total  contraction  imdergone  by  an  iron  casting  during  cooling 
through  a  given  temperature  range  depends  on  the  coefficient  of 
expansion  and  on  the  change  in  volume  due  to  growi:h  of  the 
casting  at  temperatures  above  650°  C.  While  the  growth  of  the 
casting  due  to  oxidation  is  taking  place,  a  change  must  also  be 
occurring  in  the  coefficient  of  expansion.  It  would  be  rather 
futile  to  expect  to  produce  an  enamel  whose  coefficient  of  expan- 
sion would  be  the  same  at  all  temperatures  as  that  of  such  an 

«  Trans.  A.  C.  S..  13.  p.  431- 
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erratic  substance  as  cast  iron.  All  we  can  hope  to  do  is  make  an 
enamel  whose  rate  and  total  amount  of  contraction  in  cooling 
from  the  temperature  of  incipient  rigidity  will  vary  so  little  from 
those  of  the  castings  that  either  the  stresses  can  be  overcome  by 
the  strength  and  elasticity  of  the  enamel,  or  if  rupture  does  occur 
it  can  be  repaired  in  later  stages  of  the  cooling. 

The  repair  of  crazes  occurring  in  early  stages  of  the  cooling  by 
the  forcing  together  of  the  surfaces  of  the  rupture  during  the  later 
stages  is  a  very  common  phenomenon  in  the  enameling  of  cast 
iron.  If  a  large  piece  of  enameled  cast  iron  is  examined  care- 
fully while  it  is  still  too  hot  to  be  touched,  it  is  very  probable  that 
it  will  be  found  to  be  crazed.  Yet  in  most  cases  if  the  same  piece 
is  examined  after  it  is  cooled  to  atmospheric  temperatures,  these 
crazes  will  have  disappeared.  Some  experienced  enameling  shop 
foremen  claim  that  all  pieces  of  enameled  cast  iron  are  crazed 
when  hot.  For  this  reason  it  is  the  general  practice  in  most  enamel- 
ing shops  to  avoid  the  handling  of  the  enamel  surface  while  it  is 
warm  for  fear  that  dirt  will  be  rubbed  into  crazes  and  leave  a  line 
which  will  be  considered  an  indication  of  a  craze  even  though  the 
fracttue  naay  be  entirely  healed  during  the  further  cooling  of  the 
piece.  The  production  of  crazes  during  cooling  is  accompanied  by 
small  sharp  reports,  or  '  'pings,  "  as  the  workmen  call  them.  The 
workmen  can  tell  by  the  loudness  of  the  '  'pings  "  when  a  small  or 
large  craze  is  being  produced  and  can  judge  whether  or  not  the 
crazes  will  be  liable  to  be  healed  when  the  piece  is  entirely  cool. 

(e)  Effect  of  Form  and  Thickness  of  Enamel  Coating. — 
The  form  of  an  enamel  coating  has  a  decided  influence  in  deter- 
mining whether  rupture  will  be  produced  by  a  given  amount  of 
stress.  As  an  illustration,  it  may  be  called  to  mind  that  enamel 
in  the  shape  of  a  convexly  curved  layer  is  able  to  withstand  much 
less  compression  than  the  same  enamel  could  resist  if  it  were  in 
a  flat  sheet.  Such  cases  are  more  or  less  intimately  tied  up  with 
the  design  of  certain  castings  and  will  be  treated  in  the  section 
devoted  to  crazing  on  special  castings. 

As  has  been  stated  before,  it  is  common  knowledge  in  enamel- 
ing shop  practice  that  a  thin  coating  of  enamel  is  less  prone  to 
chip  or  craze  than  a  thick  layer'  of  the  same  enamel.  This  is  due 
to  the  tendency  of  all  solids  to  be  more  elastic  and  to  withstand 
bendirig  and  warping  better  when  in  thin  sheets  than  when  in 
thick  ones. 
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When  enamel  is  applied  to  metal  that  is  many  times  thicker 
than  the  enamel,  any  differential  contraction  extends  or  compresses 
the  enamel  by  an  amount  which  is  almost  independent  of  its 
thickness  so  long  as  there  is  no  warping.  Warping  may  be  pro- 
duced, however,  by  the  differential  expansion  in  amount  increas- 
ing with  the  thickness  of  the  enamel,  by  the  application  of  external 
forces,  and  especially,  by  inequality  of  temperature  in  cooling. 
When  warping  occurs  the  strains  in  the  enamel  will  not  be  imi- 
formly  distributed  but  will  be  concentrated  to  a  considerable 
degree  at  certain  places,  and  their  magnitude  where  they  are 
greatest  will  increase  with  the  thickness  of  the  enamel,  possibly 
producing  rupture. 

(/)  Breaking  Strength  of  Glasses. — The  crushing  strength  of 
glasses  has  never  been  carefully  studied,  but  it  is  known  that  the 
crushing  strength  is  many  times  greater  than  the  tensile  strength. 
When  there  is  a  tendency  for  enamels  to  chip,  the  enamel  may  be 
subjected  to  considerable  compression,  but  it  is  very  doubtful 
whether  failure  due  to  actual  crushing  of  the  glass  ever  occurs. 
Study  of  the  surfaces  of  fracture  of  chips  and  the  location  of  these 
on  the  castings  leads  to  the  conclusion  that  such  failures  are  due  to 
shears  in  which  the  tensile  strength  and  elasticity  of  the  glass  are 
the  factors  that  fail. 

The  relation  of  composition  of  1 7  glasses  to  their  tensile  strength 
was  studied  by  Winkelmann  and  Schott.  They  give  ^^  the  follow- 
ing factors  by  which  the  percentage  of  the  constituent  oxides  of  a 
glass  are  to  be  multiplied  in  order  to  obtain,  by  addition,  the  ten- 
sile strength  of  the  glass  in  kilograms  per  square  millimeter. 

(CaO o.  20)     B2O3 o.  06s     PbO o.  025 

ZnO 15      BaO 05      NajO 02 

SiOj og      AI2O3 05       K,0 01 

Uncertainty  attaches  to  the  position  of  CaO  in  the  list,  owing 
to  the  small  proportion  of  this  oxide  contained  in  the  glasses 
tested.  This  uncertainty  is  strengthened  by  the  general  reputa- 
tion of  lime  for  producing  "weak"  glasses."'  The  position  of 
zinc  oxide  close  to  the  top  of  the  list  and  of  the  alkalies  at  the  bot- 
tom is  noteworthy. 

{g)  Elasticity  of  Glasses. — Winkelmann  and  Schott  also 
investigated  the  relation  of  composition  to  elasticity  of  19  differ- 
ent kinds  of  glass.     They  give  "  the  following  factors  by  which  the 

^  Hovestadt,  Jena  Glass,  p.  149. 

^  Landrum,  R.  D.,  Trans.  A.  C.  S..  14,  p.  542- 

9^  Hovestadt,  Jena  Glass,  p.  159. 
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percentages  of  the  different  oxides  in  the  glasses  studied  were  to  be 
multiplied  in  order  to  obtain,  by  addition,  Young's  modulus  of 
elasticity  for  the  glass  in  kilograms  per  square  millimeter. 


ZnO.  .. 
B2O3  .. 
PbO... 


•5 

SiO, 

20 

K,,0 

47 

BaO 

65     CaO 100 

71     NajO 100 

100     AUO3 160 


This  modulus  represents  the  force  which  would  be  required  to 
stretch  a  substance,  of  unit  length  and  unit  cross  section  to  two 
units  in  length,  if  the  relation  between  the  applied  load  and  the 
deformation  remained  constant.  Since  a  low  value  for  Young's 
modulus  means  that  the  substance  is  easily  stretched,  the  oxides 
having  low  factors  tend  to  produce  easily  extensible  glasses.  It  is 
significant  that  zinc  oxide,  boric  oxide,  and  lead  oxide  come  at  the 
head  of  the  list. 

(h)  Ability  of  Glasses  to  Stretch. — By  dividing  the  factors 
for  tensile  strength  by  those  for  Young's  modulus,  values  are  ob- 
tained showing  the  relative  effect  of  equal  percentages  of  the  vari- 
ous oxides  on  the  amount  the  glass  can  stretch  without  rupture. 
(This  is  on  the  assumption  that  the  elastic  limit  and  the  rupturing 
point  of  the  glasses  are  practically  the  same,  which  is  probably  the 


case.) 

ZnO 

0.  IS 

=^    =0.  OIOOO 

IS 

BaO 

0.  OS 

=^=0.  OOOSO 

100               ■> 

B3O3 

0.  06? 
20    --^^^'^ 

A1,0, 

0.  OS 
—     ooo-ii 

160      ""^-^ 

SiOa 

°-°9-. 00138 

65 

Na,0     

0.  02 

.  00020 

100 

PbO 

0.  021; 

-=  .  00053 

47 

K,0 

0.  01 

71      •— -t 

These  last  figures  are  especially  interesting,  since  they  combine 
the  tensile  strength  factors  and  those  for  elasticity  (or  stretch) 
into  one  set  of  figures.  While  the  values  given  here  are  open  to 
some  question,  on  account  of  the  small  number  of  glasses  studied, 
the  order  of  the  oxides  in  this  last  set  of  factors  agrees  qualita- 
tively with  practical  experience  in  enameling.  In  enamels  of 
given  fusibility  those  high  in  zinc  oxide,  boric  oxide,  and  lead 
oxide  give  less  trouble  from  crazing  and  shivering  than  those  high 
in  alkalies.  Along  with  the  alkalies  the  writer  would  put  fluor- 
spar and  cryolite.  In  the  language  of  practical  enamelers  those 
high  in  the  three  oxides  first  mentioned  have  more  "give  and  take  " 
than  the  others,  and  can  be  used  on  a  greater  variety  of  cast- 
ings and  under  more  varied  conditions  of  working  and   heating. 
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Barium  oxide  occupies  an  intermediate  position,  according  to  the 
experience  of  the  writer,  as  it  does  in  this  hst. 

(t)  Influence  op  Degree  of  Attachment  of  Enamel  to 
Iron. — It  is  found  in  practice  that  tendency  to  craze  and  to 
shiver  are  decreased  by  proper  attachment  of  the  enamel  to  the 
iron.  If  the  union  between  the  two  substances  is  not  continuous 
each  part  of  the  enamel  between  two  points  of  attachment  has 
to  bear  the  strain  due  to  the  overcontraction  or  expansion  of  the 
strip  of  enamel  between  these  two  points  of  attachment.  The 
greater  the  distance  between  two  points  of  attachment,  the  greater 
the  strain  each  part  of  the  strip  has  to  bear  and  the  greater  the 
danger  of  rupture  in  the  weakest  part. 

In  some  instances  the  point  of  attachment  breaks  instead  of 
the  enamel,  thus  giving  a  larger  strip  free  of  attachment  to  the 
iron  with  each  part  of  the  strip  bearing  a  correspondingly  heavier 
strain.  This  goes  on  until  finally,  if  the  enamel  has  the  greater 
coefficient,  a  large  fractiu^e  develops  with  the  enamel  on  either 
side  of  the  fracture  not  attached  to  the  iron.  In  enameUng  shop 
vernacular  such  fractures  are  known  as  "  lifts,"  because  the  enamel 
seems  to  have  been  raised  or  lifted  free  from  the  iron.  The  result 
of  this  action  is  scaling  off  of  a  large  piece  of  enamel. 

(j)  StJMMARY  OF  Causes  of  General  Crazing. — The  possible 
causes  of  stress  to  be  considered  in  cases  of  general  crazing  are 
growth  of  the  iron  in  the  casting  while  hot,  inequaUty  of  tempera- 
ture, and  inequality  of  expansion  coeflficients  of  iron  and  enamel. 
Whether  the  stress  will  produce  crazing  (or  its  converse  shivering) 
depends  on  the  magnitude  of  the  stress,  the  thickness  of  the  enamel 
coating,  the  breaking  strength  of  the  enamel,  the  elasticity  of  the 
enamel,  and  its  adhesion  to  the  iron. 

3.  CRAZING  DUE  TO  SPECIAI,  CAUSES 

Much  more  common  than  the  occurrence  of  general  crazing  is 
the  occurrence  of  crazing  or  shivering  in  ware  made  over  a  certain 
pattern,  or  on  castings  made  by  a  certain  molder,  or  in  ware  that 
has  been  enameled  by  certain  workmen.  Obviously,  such  phe- 
nomena are  not  due  primarily  to  the  composition  of  the  enamel 
but  to  special  causes. 

It  is  well  to  call  attention  to  the  fact  that,  just  as  the  causes 
of  special  crazing  may  be  auxiliary  agents  in  bringing  about 
general  crazing,  a  tendency  toward  general  crazing  or  shivering 
may  be  an  auxiliary  cause  of  special  crazing  or  shivering.  The 
two  classes  of  causes,  working  together,  may  cause  a  rupture  that 
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would  not  appear  if  only  one  were  operative.  Therefore,  a  rule 
to  be  appHed  in  all  cases  of  special  crazing  or  shivering  is  to 
minimize  as  much  as  possible  the  tendency  to  general  crazing  or 
shivering. 

(a)  Thick  Spots  in  the  Casting. — Effects. — A  thick  spot  in 
the  casting  has  two  effects:  First,  the  thicker  portion  does  not 
heat  up  as  readily  as  the  rest  of  the  casting,  consequently  the 
ground  coat  is  not  properly  fused  on  tliis  spot  by  the  time  it  is  at 
its  best  strength  on  the  rest  of  the  casting.  The  result  is  a  poor 
bond  between  the  iron  and  enamel  on  the  heavy  spot.  If  the 
piece  is  fired  until  the  ground  coat  is  properly  fused  on  the  heavy 
spots,  there  is  danger  that  the  ground  coat  on  the  rest  of  the 
casting  will  be  overfired.  The  result  is  a  lack  of  proper  attach- 
ment between  the  enamel  and  iron  on  the  thinner  portions  of  the 
casting.  Second,  the  thick  spots  do  not  cool  down  as  rapidly  as 
the  rest  of  the  casting.  Therefore,  the  enamel  over  the  thick 
spot  continues  to  contract  and  set  after  the  surrounding  enamel 
is  rigid.  The  result  is  that  tliis  part  of  the  enamel  is  under  special 
stress  and  strain,  which  may  be  augmented  by  warping. 

The  defect  due  to  a  heavy  spot  depends  upon  the  location  of  the 
heavy  portion  and  the  heat  treatment  given  the  casting.  The 
heavy  portion  may  consist  of  an  iron  bead  on  the  edge  of  the  cast- 
ing or  of  a  heavy  portion  at  a  convexly  ciu-ved  part  of  the  casting. 
If  the  ground  coat  is  not  properly  matiu-ed  on  these  portions,  there 
will  be  a  tendency  for  chipping  (shivering)  to  take  place.  When 
the  casting  is  heated  until  the  grotmd  coat  on  the  heavy  portion 
is  properly  matured  and  the  ground  coat  on  the  thinner  portions 
of  the  casting  is  heated  beyond  its  best  strength,  the  enamel  over 
these  thinner  portions  tends  to  develop  "lifting."  A  "Hft"  is 
as  has  been  explained,  a  large  distinct  crack  occiuring  in  an  area 
of  enamel  that  lacks  proper  attachment  to  the  iron. 

In  case  the  heavy  portion  is  at  a  concave  cm^e  or  in  a  flat  stu"- 
face  and  the  ground  coat  over  it  is  not  properly  fused,  there  is  a 
tendency  for  fine  crazing  to  occur.  If  the  bond  made  by  the 
ground  coat  is  very  defective,  lifting  may  result.  In  case  the 
piece  is  heated  until  the  ground  coat  is  properly  fused  over  the 
heavy  portions,  there  is  the  possibility  that  the  ground  coat  on 
the  thinner  portions  will  be  over-heated  and  that  the  bond  be- 
tween the  enamel  and  iron  at  these  areas  thus  will  be  rendered 
defective.  In  this  case,  the  tendency  is  for  the  enamel  on  these 
areas  to  develop  the  defect  to  which  it  is  subject,  crazing  or 
shivering  as  the  case  may  be.     When  the  bond  is  very  defective, 
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there  may  be  lifting  or  scaling  of  the  enamel  in  large  flakes.  More- 
over, crazing  may  occur  at  the  border  of  the  heavy  portion,  owing 
to  the  contraction  and  setting  of  the  enamel  in  this  area  after  the 
surrounding  enamel  has  become  rigid. 

Thus,  we  see  that  a  heavy  spot  in  the  casting  may  cause  either 
crazing  or  shivering.  It  may  also  cause  "  lifting  "  and  in  extreme 
cases  may  induce  the  development  of  crazing  and  shivering  in  the 
same  piece. 

Remedies. — (i)  Reduce  the  thickness  of  the  metal  as  much  as 
possible.  At  one  time  beads  were  supposed  to  be  a  necessary 
ornament  for  every  lavatory.  In  late  years  beads  have  been 
removed  from  lines,  with  much  improvement  in  the  beauty  of  the 
ware  and  a  decided  decrease  in  the  amount  of  defective  ware. 
Thick  spots  in  casting  are  often  due  to  slipshod  methods  in  pat- 
tern making.  This  is  inexcusable,  even  from  the  standpoint  of 
economy.  The  use  of  a  defective  pattern  in  an  enameling  plant 
is  one  of  the  most  extravagant  ways  of  wasting  money  that  can 
be  devised.  One  of  the  characteristic  differences,  noted  in  visiting 
various  plants,  is  that  the  successful  plants  invariably  have  good 
patterns  and  the  unsuccessful  ones  generally  have  poor  ones.  All 
patterns  should  be  filed  to  templates,  not  only  on  the  larger  sur- 
faces but  also  in  corners,  on  rims,  etc.  Of  course,  not  all  parts  of 
a  pattern  should  be  of  the  same  thickness,  but  it  is  possible  to 
know  just  how  thick  each  part  is. 

Especial  care  should  be  taken  in  the  design  of  parts  where  it  is 
necessary  to  have  a  double  thickness  of  metal,  as  at  the  overflow 
channel  of  a  lavatory.  We  have  broken  castings  and  found  that 
because  of  carelessness  in  the  design  of  core  boxes,  there  was  a 
thickness  of  five-eighths  of  an  inch  of  metal  between  the  overflow 
channel  and  the  bowl  of  a  lavatory.  Is  it  any  wonder  that  bowls 
made  over  that  pattern  had  been  giving  trouble  in  the  enameling 
room  ?  Or  is  it  any  wonder  that  firms  which  habitually  use  pat- 
terns as  grossly  defective  in  one  way  or  another  as  this  are  not  able 
to  compete  with  more  alert  concerns  ?  Many  of  the  collars  around 
openings  can  be  dispensed  with  easily,  and  others  can  be  made 
much  lighter  where  they  lap  over  the  body  of  the  casting  than  is 
the  custom  in  some  shops.  At  a  certain  plant,  considerable  trouble 
was  experienced  from  crazing  around  the  outlet  of  roll-rim  sinks 
of  a  certain  size.  On  examination  it  was  found  that  the  collar 
of  the  bell  was  three-eighths  of  an  inch  thick  and  lapped  over  the 
bottom  of  the  sink  for  i  yi  inches.  When  the  pattern  was  altered 
so  that  the  collar  was  only  a  scant  quarter  of  an  inch  thick  and 
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lapped  over  only  one-rhalf  inch,  the  crazing  immediately  disap- 
peared. Many  other  instances  of  the  advantages  gained  by 
simple  alterations  in  the  thickness  of  parts  of  a  pattern  might  be 
quoted. 

(2)  Turn  and  chill  the  piece  while  the  gromid  coat  is  being 
fused.  This  is  a  trick  of  manipulation  in  use  at  most  plants. 
It  consists  in  removing  the  piece  from  the  furnace  when  it  has 
reached  a  dull  red  heat,  allowing  it  to  cool  for  a  minute  or  two, 
then  putting  it  back  in  the  furnace  in  the  reverse  position  from  the 
one  originally  occupied.  While  the  heavy  spots  heat  up  more 
slowly  than  the  thinner  portions,  they  also  lose  more  slowly  the 
heat  they  have  gained.  The  chilling  allows  the  piece  to  go  back 
into  the  furnace  with  the  heavy  spots  considerably  higher  in 
temperature  than  the  thinner  spots.  Thus,  there  is  a  chance 
that  the  ground  coat  on  the  heavy  spots  will  fuse  at  the  same 
time  that  the  ground  coat  on  the  rest  of  the  casting  does.  The 
turning  is,  of  course,  in  the  interest  of  even  heating  of  the  casting. 

(3)  Put  a  more  fusible  ground  coat  on  the  heavy  spot.  The 
object  of  this  is  obviously  to  attempt  to  have  it  fuse  down  at  the 
temperature  at  which  the  regular  groiuid  coat  is  at  its  best  strength 
on  the  rest  of  the  casting. 

(4)  Provide  a  ground  coat  that  has  a  long  heat  range;  that  is, 
one  that  fuses  at  a  low  temperature  and  is  still  good  at  a  high 
temperature.  Such  a  ground  coat  will  stand  large  inequalities  of 
temperature  in  various  parts  of  the  casting.  The  procedure  in 
obtaining  such  a  ground  coat  is  indicated  in  another  section  of 
this  paper. 

(5)  Provide  an  enamel  of  high  elasticity  and  great  strength. 
How  this  can  be  done  has  been  indicated  in  a  general  way.  The 
main  points  to  be  observed  are  to  have  the  enamel  of  proper  com- 
position and  to  apply  it  in  a  thin  and  uniform  coat. 

(6)  Thin  Spots  in  the  Casting. — Thin  spots  are  obviously  the 
reverse  of  thick  spots,  and  the  effects  and  remedies  have  been 
sufficiently  indicated  in  the  preceding  section.  The  only  variation 
in  the  remedies  would  be  to  endeavor  to  make  the  thin  spots 
thicker  and  to  apply  a  more  refractory  ground  coat  on  the  thin 
spot  than  on  the  rest  of  the  casting.  Chilling,  a  good  ground 
coat,  and  a  strong  elastic  enamel  are  just  as  serviceable  in  the  case 
of  thin  spots  as  in  that  of  heavy  spots. 

(c)  Sharply  Convex  Curves  and  Projecting  Corners. — 
Effects. — It  is  well  known,  as  a  matter  of  experience,  that  chipping 
is  liable  to  occur  on  sharp  projecting  comers  and  sharply  convex 
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curved  portions  of  a  piece  of  ware.  This  is  probably  due,  in  part, 
in  many  cases,  to  the  fact  that  such  portions  are  apt  to  be  es- 
pecially thick,  owing  to  the  difficulty  of  properly  filing  the  reverse 
surface  in  the  pattern  and  of  properly  molding  it  in  the  casting. 
In  addition  to  this,  if  the  iron  tends  to  contract  more  than  the 
enamel,  thereby  compressing  the  enamel  longitudinally,  the 
enamel  can  resist  much  less  compression  when  in  the  form  of  a 
ciu-ved  sheet  on  a  convex  siuface  than  when  fiat. 

Remedies. — (i)  Avoid  sharp  comers  and  make  all  convex  curves 
with  radii  as  large  as  possible. 

(2)  See  that  the  reverse  sides  of  convexly  curved  portions  of 
patterns  are  properly  hollowed  out.  See  that  such  portions  are 
properly  molded. 

{d)  Sharply  Concave  Curves. — Effects. — Just  as  there  is  a  ten- 
dency for  enamel  to  fly  off  at  a  tangent  to  a  convex  curve,  there 
is  a  tendency  for  enamel  to  be  crushed  on  a  sharply  concave 
curved  portion  of  a  casting.  As  the  casting  cools,  the  angle  of 
the  concave  cirrve  becomes  more  acute,  and  the  enamel  must 
adjust  itself  to  this  sharper  angle.  This  tendency,  however, 
seldom  manifests  itself  in  a  ruptiare  for  the  simple  reason  that 
the  power  of  enamel  to  resist  such  a  strain  is  very  great.  The 
resistance  of  a  glass  to  crushing  is  very  high ;  as  showTi  by  Winkle- 
man  and  Schott,^'  10  to  20  times  as  great  as  its  power  to  resist 
tension. 

A  sharply  concave  portion  of  a  casting  is  frequently  a  cause  of 
defect  in  the  enamel  for  an  entirely  different  reason.  0^ving  to 
the  method  of  applying  the  enamel  by  sifting  it  on  as  a  dry  pow- 
der, it  is  ver>'  difficult  to  cover  the  area  around  a  sharply  concave 
curve  without  getting  an  extra  heavy  coat  of  enamel  in  this  por- 
tion or  comer.  This  is  especially  true  if  the  sharp  ciu^^e  or  cor- 
ner comes  at  the  bottom  of  a  straight  area,  such,  for  instance,  as  at 
the  bottom  of  the  straight  back  in  a  D-shaped  lavatory'  bowl. 
The  defect  due  to  a  heavy  spot  of  enamel  will  be  discussed  in  the 
next  section,  but  sharply  concave  curves  and  comers  constitute  a 
special  cause  for  the  production  of  such  spots. 

Remedies. — (i)  Eliminate,  as  far  as  possible,  sharply  concave 
curves  in  the  casting.  At  different  times,  the  writer  has  seen  a 
large  number  of  patterns  altered  so  as  to  increase  the  radii  of 
sharply  concave  ciu"ves  on  the  surface.  In  all  cases  the  tendency 
to  crazing  in  these  parts  was  greatly  decreased  and  in  most  dis- 
appeared altogether. 

*®  Hovestadt.  Jena  Glass,  p.  iji. 
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(2)  Apply  the  various  rules  for  avoiding  rolls  given  in  the  next 
case. 

(e)  Rolls. — Effects. — A  "roll"  is  a  heavy  accumulation  of 
enamel  on  the  surface  of  a  casting.  The  difference  between  a 
roll  and  a  simple  thick  spot  of  enamel  is  that  a  roll  shows  some 
evidence  of  flow.  Practically  all  excessively  thick  spots  of  enamel, 
such  as  those  that  form  in  comers,  become  rolls.  In  addition  to 
this,  rolls  may  be  caused  by  excessive  flow  in  enamel  on  a  straight 
or  a  sHghtly  curved  surface. 

The  effect  of  a  roll  is  to  produce  a  tendency  toward  crazing, 
either  in  the  roll  or  in  the  enamel  close  arotmd  it.  When  the 
ware  is  cooling  the  roll  remains  hot  longer  than  the  thiimer  coat 
of  enamel  surrounding  it.  The  result  is  that  the  enamel  consti- 
tuting the  roll  is  contracting  after  the  siurounding  enamel  has 
become  rigid.  Strains  are  thus  set  up  that  cause  the  crazing  and 
lifting. 

Remedies. — (i)  Alter  the  pattern  as  directed  tmder  5  so  as 
to  reduce  the  tendency  for  enamel  to  lodge  in  hollows  and  comers. 

(2)  Use  finely  ground  enamel.  When  the  enamel  is  coarse, 
it  does  not  fuse  and  adhere  readily  on  being  appHed  to  the  casting, 
but  part  of  it  drops  down  and  accumulates  in  piles,  especially  in 
comers  and  hollows. 

(3)  Use  fairly  fusible  enamel.  The  piupose  of  this  is  to  have 
the  enamel  adhere  readily. 

(4)  Have  the  workmen  use  mechanically  agitated  sieves  and 
take  especial  care  in  the  apphcation  and  heat  treatment  of  enamel 
on  castings  in  which  rolls  tend  to  form.  The  siurface  to  which 
the  enamel  is  being  applied  should  be  as  nearly  horizontal  as  pos- 
sible. The  enamel  should  be  applied  in  as  uniform  a  coat  as  pos- 
sible and  as  soon  as  the  enamel  ceases  to  adhere  well,  application 
should  be  stopped.  In  heating,  the  ware  should  not  become  so 
hot  that  there  is  any  large  amount  of  flpw  in  the  enamel.  In 
order  to  minimize  the  tendency  for  the  formation  of  rolls,  it  is 
required  to  have  the  enamel  appHed  in  a  coat  so  nearly  uniform 
that  it  is  not  necessary  to  have  any  appreciable  flow  in  the  enamel 
while  the  ware  is  in  the  fiimace.  Such  application  is  not  readily 
obtained  by  use  of  sieves  agitated  by  hand,  but  is  easily  obtained 
by  the  use  of  mechanically  agitated  sieves. 

(/)  Beads  of  Enamel. — Effects. — "Beads"  are  small  rolls 
around  the  edge  of  an  enameled  smrface.  They  are  caused  by  the 
pressing  up  of  the  enamel  into  a  roll  when  a  workman  tries  to 
cut  off  the  part  of  the  enamel  that  has  flowed  down  over  the  edge 
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of  the  casting.  They  are  especially  prone  to  form  if  the  trimming 
is  done  after  the  enamel  has  started  to  become  rigid.  Beads  are 
ven,'  liable  to  chip  off,  since  the  enamel  in  then  is  not  only  of  dif- 
ferent thickness  from  the  adjacent  enamels,  but  more  especially 
becarase  the  enamel  in  the  beads  has  been  thrown  into  a  condition 
of  strain  by  the  process  of  trimming.  These  stresses  very  fre- 
quently do  not  manifest  themselves  as  chips  until  some  time, 
often  months,  after  the  piece  has  been  made. 

Remedies. — (i)  Apply  the  enamel  as  thinly  as  possible  at  the 
edges  of  the  piece.  This  is  best  done  by  putting  very  little  enamel 
on  the  edge  during  the  application  of  the  first  coat  of  enamel  and 
only  a  light  coat  during  the  application  of  the  last  coat  to  the 
whole  piece. 

(2)  If  possible,  do  not  heat  the  ware  to  such  a  point  that  the 
enamel  flows  down  over  the  edge.  This  implies  that  the  enamel 
should  be  appUed  to  the  whole  casting  in  the  manner  described 
tmder  the  discussion  of  rolls. 

(3)  If  the  trimming  is  to  be  done  at  all,  let  it  be  done  quickly 
while  the  enamel  is  still  soft.  It  should  be  done  wuth  a  good  tool 
and  with  the  blade  of  the  tool  making  an  acute  angle  with  the 
enameled  surface.  This  gives  a  clean,  slanting  cut,  while  any 
attempt  to  trim  with  the  blade  held  perpendicular  to  the  surface 
of  the  enamel  resiilts  in  more  or  less  beading. 

ig)  Stresses  Due  to  Apparent  Warping  and  Bending. — 
Effects. — Many  castings,  especially  those  of  thin  section  and  long, 
slender  shape,  show  considerable  warping  and  buckling  on  cooling, 
after  the  iron  is  black  and  the  enamel  has  become  fairly  rigid. 
Of  coiu-se,  this  has  a  tendency  to  set  up  strains  between  the  enamel 
and  iron  and  in  the  enamel  itself.  Such  castings  are  especially 
common  in  plants  manufacturing  specialties.  These  strains 
must  always  tend  to  produce  crazing  or  shivering  and  in  aggra- 
vated cases  produce  actual  rupture  between  the  enamel  and  iron. 

Remedies. — (i)  Strengthen  the  sections  by  the  use  of  iron  ribs 
on  the  back,  etc.,  so  that  the  tendency  to  warping  and  buckling  is 
minimized. 

(2)  Use  a  good  groimd  coat  and  a  strong  elastic  enamel. 

(h)  Stresses  Due  to  Exterior  Mechanical,  Restraint. — 
Effects. — In  making  certain  styles  of  castings,  especially  those  for 
sectional  work,  it  is  very  important  that  they  conform  to  a  certain 
shape.  The  expedient  of  cooUng  these  castings  in  forms  or  clamps 
is  sometimes  used.  This  procedure  may  so  interfere  with  the 
normal  contraction  of  the  iron  and  enamel  as  to  set  up  strains  that 
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may  cause  crazing  or  shivering.  As  a  case  in  point,  we  may  quote 
the  following:  At  a  certain  plant  some  rectangular  sections  about 
24  by  48  inches  in  size  were  being  made.  It  v/as  necessary  that 
the  sides  of  these  be  perfectly  straight,  since  the  sections  were  to 
be  bolted  together  and  a  good  butt  joint  was  required.  It  was 
foimd  that  when  the  castings  came  from  the  enameling  furnace 
the  sides  were  curved  inward  to  a  slight  extent.  When  they  were 
cooled  in  the  ordinary  way  this  curvature  was  still  apparent  in 
the  cold  pieces.  To  obviate  this  difficulty  a  heavy  viselike  arrange- 
ment was  constructed,  in  which  the  castings  were  clamped  while 
still  hot  and  allowed  to  cool  there.  This  straightened  out  the 
sides  and  produced  a  slight  bulge  at  the  ends  of  the  piece.  The 
deformation  of  the  ends  was  immaterial,  but  it  was  foimd  that 
this  procedure  caused  the  enamel  to  develop  minute  crazes  at 
each  comer  of  the  section.  It  was  concluded  that  when  the  cast- 
ings were  cooled  in  the  vise  the  ends,  which  took  the  stress,  were 
acting  like  compressed  springs.  When  the  clamp  was  removed 
the  ends  of  the  casting  expanded  and  caused  the  enamel  to  craze. 
Acting  on  this  thought,  it  was  decided  to  put  the  castings  in  the 
clamp,  compress  them  strongly  while  the  iron  was  still  hot  and 
the  enamel  still  plastic,  and  then  immediately  to  remove  the 
clamps.  When  this  was  done  it  was  found  that  the  ends  were 
bulged  slightly  more  than  before,  that  the  sides  were  straight, 
and  that  crazing  was  absent. 

Another  type  of  stress  due  to  external  constraint  that  enam- 
eled iron  frequently  has  to  imdergo  is  that  caused  when  a  piece  of 
ware,  slightly  out  of  shape,  has  to  be  drawn  into  place  by  bolts 
when  being  set  up.  This,  of  course,  occxars  most  frequently  in 
sectional  ware. 

Remedies. — (1)  If  possible,  so  fashion  the  patterns  that  the 
castings  will  not  have  to  endure  external  stress  either  in  cooling  or 
when  being  put  in  place. 

(2)  If  stress  is  to  be  applied,  it  should  be  applied  while  the  iron 
is  still  hot  and  soft  and  the  enamel  is  plastic. 

(3)  Use  a  fusible  ground  coat  and  a  fusible  enamel  so  that  the 
casting  will  not  have  to  be  heated  to  a  very  high  temperature  in 
the  enameling  process  and  so  will  have  little  tendency  to  warp 
or  deform. 

(i)  UnequaIv  Cooling. — Effects. — It  sometimes  happens  that 
crazing  or  shivering  occurs,  in  certain  shaped  patterns,  for  which 
there  is  no  apparent  cause.  The  defects  are  not  amenable  to  any 
of  the  various  treatments  already  suggested,  but  disappear  when 
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certain  alterations  are  made  in  the  pattern.  For  this  reason  we 
can  not  but  think  that  the  defect  is  due  to  strains  in  the  enamel 
or  between  the  enamel  and  iron  caused  by  unequal  cooling,  due  to 
some  peculiarity  in  the  pattern  the  significance  of  which  we  do 
not  realize.  This  type  of  crazing  is  the  most  difficult  to  deal  with, 
for  it  gives  no  indication  of  its  cause.  We  are  compelled  to  de- 
pend only  on  experience  and  systematic  alteration  of  the  pattern. 
For  instance,  we  have  foimd  that,  given  two  sinks  of  exactly  the 
same  size,  shape,  and  thickness,  with  the  exception  that  one  has 
its  outlet  near  one  side  or  end  and  the  other  has  its  outlet  at  the 
center,  the  latter  sink  will  have  decidedly  less  tendency  to  develop 
crazing  around  the  bell  than  the  other.  Again,  we  have  found 
that  a  kitchen  sink  with  a  well-roimded  bottom  is  less  liable  to 
develop  crazing  than  one  with  a  bottom  that  is  nearly  flat.  Why 
these  things  are  so,  we  can  only  conjecture.  They  are  merely 
matters  of  experience.  Similar  cases  might  be  multiplied  if  space 
permitted.  The  treatment  of  each  case  of  crazing  or  shivering  of 
this  sort  is  a  special  problem. 

Remedies. — (i)  Apply  all  the  rules  for  general  or  special  crazing 
that  are  applicable. 

(2)  Depend  on  experience  and  systematic  alteration  of  the  pat- 
tern. 

(J)  Summary  of  Crazing  Due  to  Special  Causes. — Crazing  in 
special  parts  of  patterns  or  in  special  patterns  may  be  due  to  a  large 
variety  of  causes  and  to  various  combinations  of  these  causes. 
Likewise,  the  means  of  control  must  be  many  and  varied  so  as  to 
suit  each  special  case. 

There  is  no  one  panacea  for  crazing  in  enamels  on  cast  iron.  Effi- 
ciency in  its  control  depends  upon  a  thorough  imderstanding  of 
the  chemical  and  physical  factors  involved  and  on  wide  experience. 

XI.  PINHOLES  AND  BLISTERS  IN  ENAMELS 
1.  CASTING  HOLES 

Pinholes  and  blisters  in  enamel  are,  of  course,  closely  related. 
A  pinhole  is  simply  the  hole  left  by  the  bursting  of  a  blister. 
Usually  the  hole  is  more  or  less  filled  by  flow  of  the  enamel  sub- 
sequent to  the  breaking  of  the  blister.  Therefore,  the  way  to 
aviod  pinholes  is  to  avoid  blisters.  These  may  be  due  to  many 
causes,  of  which  the  most  common  will  be  discussed. 

Minute  holes  in  the  surface  of  the  casting  are  a  common  cause 
of  large  blisters.  These  holes  are  generally  due  to  little  balls  of 
slag.     Sometimes  they  are  due  to  spattering  of  drops  of  molten 
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iron  at  the  beginning  of  the  pouring  of  the  casting.  When  a 
sharp  steel  punch  is  driven  into  the  hole,  the  orifice  will  be  found 
to  be  much  larger  below  than  at  the  surface  of  the  casting.  When 
a  piece  containing  such  a  hole  is  enameled,  the  air  in  the  hole 
expands  because  of  the  heat  and  pushes  out  the  enamel  covering 
it  into  a  large  blister. 

The  formation  of  such  holes  should  be  avoided  as  much  as 
possible  by  using  fluid  iron,  which  will  allow  the  slag  to  come  to 
the  top  and  to  be  skimmed  off,  and  by  exercising  care  in  pouring 
the  casting.  Any  holes  formed  in  the  surface  of  the  enamel 
should  be  punched  open  and  filled  with  some  "  plugging  mixture." 

For  plugging  casting  holes,  various  substances  have  been  used. 
The  so-called  "casting  cements"  and  "iron  filler"  cements,  sold 
for  patching  defective  cas'tings  in  the  foundry,  flux  into  the  enamel 
causing  blisters  and  slag  spots.  Chalk  has  been  used  but  is  not 
at  all  satisfactory,  for  it  bums  to  quicklime  and,  gradually  taking 
up  moisture  from  the  air  through  the  pores  of  the  iron,  swells  and 
pushes  off  the  enamel  above  it.  Clay  shrinks  in  drying  and  burn- 
ing and  is  liable  to  float  up  into  the  cover  enamel.  Moreover,  it 
is  porous  and  has  an  expansion  and  contraction  with  heat  entirely 
different  from  that  of  the  enamel  and  cast  iron.  Hence  the  enamel 
is  liable  to  craze  in  the  course  of  time  over  a  hole  plugged  with  clay. 
Sometimes  very  small  holes  are  plugged  with  groimd  coat.  This 
is  satisfactory  provided  it  does  not  cause  a  blister  during  the  enam- 
eling process,  which  it  sometimes  does.  The  most  satisfactory 
plugging  compositions  used  by  the  writer  are  made  from  a  mixture 
of  ground  coat  slip,  clay  slip,  and  ground  flint.  The  proportions 
of  the  two  slips  depend  on  the  refractoriness  of  the  ground  coat. 
Generally  they  are  used  in  about  equal  amounts.  Enough  dry 
flint  is  kneaded  in  to  produce  a  stiff  mud.  This  should  be  worked 
into  balls  and  thoroughly  dried.  For  use,  it  is  simply  made 
stiffly  plastic  again  with  water.  In  this  mixture  the  clay  renders 
the  mass  plastic  when  wet  and  coherent  when  dry;  the  large 
amount  of  flint  causes  the  mass  to  swell  a  little  rather  than  to 
shrink  during  burning,  and  the  ground  coat  causes  the  material 
to  bum  to  a  hard,  dense  mass. 

2.  MPROPERLY  CLEANED  IRON 

Blisters  may  be  caused  by  scale  and  dirt  left  on  the  iron  by 
insufficient  sand  blasting  and  cleaning.     The  interaction  of  these 
substances  with  the  ground  coat  enamel  causes  gases  to  be  given 
133621°— 19 9 
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off  which  cause  bUsters.  The  remedy  is,  of  course,  better  cleaning. 
Grease  and  oil,  from  the  machinery  used  in  the  cleaning  room, 
dropping  onto  the  surface  of  a  casting  will  cause  blisters  when 
this  is  enameled  vmless  completely  removed.  If  the  spot  is  small 
it  will  generally  suffice  to  wash  it  thoroughly  with  a  rag  quite 
wet  with  gasoline.  When  the  spots  are  large  the  piece  should  be 
"  burned  out,"  or  aimealed,  and  reblasted.  Perspiration  from  the 
hands  of  workmen  is  liable  to  cause  blisters  because  of  the  soluble 
salts  it  contains  and  its  pronoimced  tendency  to  cause  rusting. 
Pieces  on  which  perspiration  marks  are  plainly  visible  shotUd  be 
biuned  out  and  reblasted. 

3.  DIRTY  IRON 

Even  when  the  surface  of  a  casting -is  clean,  blisters  may  be 
caused  by  rust  in  the  pores  of  the  iron.  This  rust  may  form 
before  or  after  the  piece  is  sand  blasted.  It  will  form  in  a  couple 
of  days  if  a  piece  is  allowed  to  stand  in  a  cool  place  after  sand  blast- 
ing.    Such  pieces  should  be  burned  out  and  reblasted. 

BUsters  may  be  caused  by  what  the  enamelers  call  "  dirty  iron  " ; 
that  is,  iron  from  which  there  is  an  excrescence  of  black  foamy 
matter  when  it  is  heated.  In  many  cases  this  dirt  is  simply  rust, 
but  in  other  cases  it  occin^s  in  castings  fresh  from  the  foundry 
and  thoroughly  blasted.  In  such  occiurences  the  dirt  may  be  due 
to  minute  particles  of  slag  m  the  iron  or  to  large  crystals  of  graphite 
which  have  separated  in  the  solidification  of  a  very  high  carbon 
iron.  The  use  of  foimdry  facings  also  produces  dirty  iron.  Such 
pieces  should  be  birnied  out  and  reblasted.  The  cause  of  the 
trouble  should  be  discovered  and  corrected. 

Where  the  ground  coat  is  defective  in  spots  only,  recoiu-se  may 
be  had  to  preUminary  baking  of  the  ground  coat.  This  consists 
in  baking  on  the  ground  coat,  allowing  the  piece  to  cool,  rubbing 
off  the  spot  of  defective  coat,  applying  fresh  grotmd  coat  to  the 
spot,  reheating  the  piece  and  proceeding  to  enamel  it.  The  prac- 
tice of  preliminary  baking  will  reduce  the  bHsters,  whether  they 
occur  in  spots  or  not,  that  are  due  to  most  of  the  causes  cormected 
with  the  casting  or  groimd  coat. 

4.  IMPROPERLY  HEATED  GROUND  COAT 

It  is  necessar)'  for  the  ground  coat  to  be  heated  to  a  temperature 
at  least  as  high  as  that  which  will  be  used  during  the  application 
of  the  enamel.  During  the  baking  of  the  ground  coat  onto  the 
casting  various  chemical  reactions  take  place  between  the  con- 
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stituents  of  the  grotrad  coat  and  of  the  iron,  which  result  in  the 
evolution  of  gases.  As  long  as  the  temperature  is  being  raised 
these  gases  will  continue  to  be  given  off.  If,  during  the  baking 
of  the  cover  coats,  the  temperature  is  raised  above  the  highest 
point  reached  in  the  baking  of  the  ground  coat  the  evolution  of 
these  gases  will  cause  the  cover  coat  to  puff  up  into  a  spongy  mass. 

On  the  other  hand,  melted  ground  coat,  like  any  other  liquid, 
tends  to  volatilize  and  rise  up  in  bUsters  when  a  certain  temper- 
ature is  reached.  It  is  folly  to  attempt  to  enamel  over  a  blistered 
ground  coat,  for  the  result  will  be  ware  that  is  either  blistered  or 
"  lifted,"  or  both.  Therefore  the  ground  coat  must  not  be  heated 
to  too  high  a  temperature.  Sulphates  or  other  substances  giving 
off  gases  at  high  temperatures  are  also  causes  of  blistering  of 
this  kind. 

If  a  casting  contains  thick  and  thin  spots,  there  will  be  a  tendency 
for  the  grovmd  coat  to  be  underheated  in  the  thick  spots  when  the 
rest  of  the  casting  is  at  the  right  temperature,  and  to  be  overheated 
on  the  thin  spots  when  the  remainder  of  the  casting  is  properly 
heated.  This  difficulty  can  be  overcome  to  a  certain  extent  by 
"chilling"  and  turning  the  piece.  ChilUng  the  piece  consists  of 
withdrawing  it  from  the  furnace  for  a  couple  of  minutes  when 
partially  heated  and  then  putting  it  back  to  complete  the  heating. 
Thin  spots  gain  heat  more  rapidly  than  thick  ones,  but  diu-ing  the 
chilling  the  thick  spots  retain  more  heat  than  the  thin  ones,  so 
that  the  final  heating  results  in  a  more  uniformly  heated  piece 
than  if  resort  had  not  been  made  to  chilling.  Of  course,  turning 
the  piece  is  in  favor  of  uniform  heating. 

5.  IMPROPER  THICKNESS  OF  GROUND  COAT 

If  the  layer  of  ground  coat  is  too  thin,  it  bums,  at  a  compara- 
tively low  temperatm-e,  to  a  dry  cinder  owing  to  the  loss  of  part  of 
the  glass  by  vaporization  and  supersaturation  of  the  remainder 
with  iron  and  other  elements  dissolved  from  the  siu^ace  of  the 
casting.  When  enamel  is  applied  to  such  an  overbumed  ground 
coat,  the  result  is  generally  lifting  instead  of  blistering,  but  the 
bUsters  are  sometimes  formed  by  interaction  of  the  cover  enamel 
with  the  cinder  and  iron  beneath  it.  If  too  thick,  the  ground  coat 
may  blister,  on  account  of  the  inability  of  the  gases  given  off  at 
the  surface  of  contact  of  ground  coat  and  casting  to  find  their  way 
through  the  thick  layer  of  glass  above  them.  In  this  case  the 
gases  may  cause  blisters  in  the  groimd  coat  or  simply  small  bubbles. 
However,  when  the  cover  coat  is  being  baked  these  bubbles  of 
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gas  tend  to  work  out  of  the  ground  coat  and  to  cause  blisters  in  the 
cover  coat.  If  the  ground  coat  is  damp  when  the  piece  is  put  into 
the  furnace,  blisters  will  be  formed  by  the  sudden  generation 
of  steam. 

6.  DEFECTS  DUE  TO  ENAMEL  COMPOSITION 

In  the  same  manner  as  the  ground  coat,  the  cover  coat  enamel 
tends  to  volatilize  and  rise  up  in  blisters  when  overheated.  More- 
over, certain  ingredients  sometimes  used  in  cover  coats  give  off 
gases  when  strongly  heated  in  enamel  compositions.  Among 
these  are  bone  ash  and  arsenic  oxide.  These  do  not  produce  large 
isolated  blisters,  as  in  the  case  of  casting  holes,  but  a  multitude 
of  little  pimples  and  very  small  pinholes.  An  enamel  high  in 
fluorine  will  show  the  pinholes  but  not  the  pimples.  Of  course _ 
if  the  enamel  contains  sulphates  or  absorbs  sulphur  gases  from  the 
furnace  atmosphere,  we  may  have  blisters  due  to  sulphur.  Con- 
tamination of  the  enamel  powder  by  particles  of  organic  matter, 
such  as  splinters  of  wood  or  drops  of  oil  or  grease,  will  also  cause 
blisters. 

XII.  MAKING  THE  CASTINGS 

Foundry  practice  in  the  making  of  castings  that  are  to  be 
enameled  differs  from  ordinary  foundry  practice  only  as  it  is 
necessary  to  produce  castings  of  certain  characteristics  to  meet  the 
requirements  of  enameling-room  practice.  The  chief  of  these 
requirements  are:  The  avoidance  of  sharp  curves  and  comers 
in  the  castings;  control  of  the  thickness  of  various  parts  so  that  the 
castings  will  heat  and  cool  during  enameling  without  warping  and 
cracking,  and  without  causing  the  enamel  to  blister,  craze  or  chip; 
the  elimination  of '  'facings  "  on  all  smf  aces  that  are  to  be  enameled. 

1.  PATTERNS 

Since  most  patterns  are  to  be  used  many  times,  metal  patterns 
are  the  general  rule.  Iron  is  commonly  employed,  although  for 
small  work  white  metal  and  alurninum  patterns  are  sometimes 
used.  A  lead  pattern  is  made  first  and  from  this  one  or  more 
metal  patterns  are  made  by  ordinary  pattern  room  practice.'" 

If  the  piece  is  to  be  made  by  hand,  the  pattern  consists  of  one 
piece,  which,  with  the  necessary  allowance  for  shrinkage  of  the 
iron  during  cooling,  is  a  duplicate  of  the  desired  casting.     For 

"  Detailed  information,  profusely  illustrated,  in  regard  to  the  making  of  patterns  for  enameled  cast- 
iron  sanitary  ware  and  the  mechanical  equipment  in  general  of  one  type  of  plant  for  the  manufacture  of 
such  ware  is  given  in  a  series  of  articles  by  Dillan  Underbill  in  Foundry,  84,  35,  and  36.  Brief  reference 
is  made  to  the  raw  materials  and  chemistry  of  enameling. 
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machine-made  ware,  the  pattern  is  made  in  two  parts,  one  for  the 
outer  surface  of  the  casting  and  the  other  for  the  inner  surface. 
Each  of  these  parts  may  consist  of  several  pieces,  some  of  them 
being  movable. 

For  small  ware  the  patterns  are  made  so  that  the  castings,  in 
general,  will  have  a  thickness  of  from  one-eighth  to  three-six- 
teenths of  an  inch,  while  for  tubs  and  other  large  pieces  the  general 
thickness  is  about  one-fourth  of  an  inch.  In  order  to  keep  the 
pieces  from  warping  and  cracking  in  the  sand  and  in  the  enamel- 
ing ovens,  the  patterns  are  so  constructed  that  the  castings  will 
thicken  rather  abruptly  at  the  edges.  Thus,  the  body  of  a  flat- 
rimmed  kitchen  sink  will  be  one-eighth  inch  thick  and  the  rim 
three-sixteenths;  the  body  of  a  roll-rimmed  sink  will  be  three- 
sixteenths  and  the  rim  will  thicken  toward  the  outer  edge  to  one- 
fourth  inch;  the  body  of  a  bathtub  will  be  one-fourth  inch  thick 
and  the  rim  will  be  five-sixteenths  inch  or  even  three-eighths  inch 
thick  at  the  outer  edge.  Sometimes  the  bottom  or  other  parts 
of  the  castings  are  made  heavier  than  the  rest. 

It  has  been  found  in  practice  that  certain  arrangements  of 
parts  in  castings  work  better  in  the  enameling  room  than  others. 
It  is  better  not  to  have  the  outlet  of  a  sink  too  close  to  one  side 
or  end;  oval  basins  in  lavatories  give  much  less  loss  from  craz- 
ing than  D -shaped  bowls;  heavy  bells  on  sinks  and  heavy  collars 
on  the  outlets  of  bathtubs  should  be  avoided.  After  a  pattern 
has  been  put  into  use  it  is  often  found  that  all  the  castings  made 
from  it  tend  to  develop  a  certain  defect  when  enameled.  It  is 
then  necessary  to  alter  this  pattern,  changing  the  shape  of  certain 
parts  or  making  it  thicker  or  thinner  in  certain  places.  In  order 
to  make  a  metal  pattern  thicker  it  is  customary  to  put  on  a  brass 
patch. 

Except  at  the  points  where  there  is  an  object  in  having  the 
casting  thicker,  great  care  is  taken  to  have  the  pattern  made  so 
that  the  castings  will  be  of  uniform  thickness  and  as  thin  as  is 
consistent  with  good  foundry  and  enameling  practice.  This  is  in 
the  interest  of  low  cost  of  production  of  castings.  Often  5,000  to 
10,000  castings  a  year  are  made  from  a  single  pattern,  and  10 
per  cent  reduction  in  the  weight  of  these  amounts  to  quite  a  sum 
in  the  cost  of  metal  alone.  Especial  care  is  taken  to  see  that  the 
reverse  sides  of  sharply  convex  surfaces,  guch  as  roll-rims,  are 
properly  hollowed  out.  Failure  to  do  this  causes  waste  of  metal 
in  the  foundry  and  loss  in  the  enameling  processes. 


134  Technologic  Papers  of  the  Bureau  of  Standards 

In  order  to  avoid  chipping  of  enamel  on  sharply  convex  sur- 
faces and  accumulation  of  enamel  in  rolls  in  sharply  concave 
surfaces,  all  comers  are  made  as  rotmding  as  is  consistent  with 
good  form  and  the  use  to  which  the  piece  is  to  be  put.  The  use 
of  beads  for  scrollwork  and  other  similar  ornamentation  is  avoided 
both  on  the  score  of  difficulty  in  enameling  and  good  taste.  A 
well-designed  piece  of  enameled  ironware  depends  for  its  appeal 
to  the  sense  of  the  beautiful  on  color,  textiu-e,  good  lines,  and 
proper  proportions. 

2.  FOUNDRY  PRACTICE 

(o)  Mold  Facings. — The  only  essential  difference  between 
making  castings  for  enameling  and  castings  for  other  purposes 
is  that  the  use  of  sea  coal,  plumbago,  soapstone,  and  other  fac- 
ings should  be  avoided  on  all  siufaces  that  are  to  be  enameled. 
In  order  to  prevent  confusion,  the  use  of  these  materials  is  gen- 
erally avoided  altogether.  It  is  possible  to  enamel  surfaces  on 
which  facings  have  been  used,  but  it  is  necessary  to  preheat  or 
"bmn  out"  such  castings,  and  even  then  they  are  liable  to  cause 
bhsters,  chipping,  and  crazing  during  the  enameling  operations. 

(6)  Molding  Machines. — ^The  castings  are  made  in  the  foun- 
dry either  by  hand  or  by  machine  methods.  Practically  all  pieces 
that  are  made  in  large  numbers  are  manufactured  on  some  sort 
of  molding  machine.  For  small  ware,  almost  every  variety  of 
molding  machine  is  employed.  Hand  squeezer,  power  squeezer, 
jolt  or  jarring,  stripping  plate,  roll  over,  power  draft,  etc.,  types 
of  machine  are  all  used.  In  addition  various  combinations  of 
the  principles  involved  in  these  different  types  are  employed. 
Owing  to  the  large  variety  of  shapes  and  sizes  of  pieces  made, 
different  types  of  machine  are  found  best  suited  to  certain  kinds 
of  castings.  The  selection  can  be  made  by  any  well-informed 
foundry  superintendent. 

A  few  bathtubs  are  still  made  by  hand,  two  men  making  four 
to  six  tubs  in  a  day.  Wooden  flasks  are  commonly  used  for  that 
class  of  work  and  small  jib  cranes  for  handling  the  flasks,  shaking 
out,  etc.  Most  tubs  are  made  on  molding  machines.  The 
machine  used  for  making  bathtub  molds  really  consists  of  two 
machines,  one  of  which  makes  the  drag  and  the  other  the  cope  of 
the  tub  mold.  Since  bathtubs  are  always  cast  upside  down  and 
the  parting  Une  of  the  mold  is  at,  or  very  near,  the  outer  edge  of 
the  rim,  the  drag  forms  the  inside  of  the  tub  and  the  top  of  the 
rim,  while  the  cope  forms  the  outside  of  the  tub  to  the  outer  edge 
of  the  rim.     The  two  machines  are  exactly  simiUar  in  type  and 
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can  be  described  best  as  power-draft  machines,  although  they 
do  not  conform  strictly  to  any  of  the  common  types  of  molding 
machines.'"" 

Two  different  types  of  flasks  are  in  use  for  making  the  drag 
mold.  One  type  contains  a  spider  and  is  used  without  a  bottom 
board;  the  other  is  an  open  flask  and  calls  for  the  use  of  a  bottom 
board. 

The  spider  in  the  first  type  of  flask  is  essentially  a  deep  hollow 
oval  section  held  in  place  by  narrow  fins  extending  inward  from 
all  parts  of  the  shallow  flask  sides.  In  making  the  drag,  the 
pattern  is  placed,  of  coiu-se,  with  the  opening,  corresponding 
to  the  inside  of  the  tub,  up.  The  flask  is  fitted  on  to  this  by 
means  of  guide  pins  which  engage  in  holes  in  the  pattern,  and  is 
clamped  fast.  The  oval  section  of  the  spider  extends  down  into 
the  opening  of  the  tub  nearly  to  the  bottom.  The  mold  is  then 
rammed  up  by  means  of  small  air  rammers,  most  of  the  oval 
section  being  left  hollow.  The  entire  mold  is  then  lifted  into  the 
air  by  a  power  hoist  and  trunnions  at  each  end  of  the  pattern, 
turned  over,  and  set  down  again  a  few  feet  away.  By  means  of 
four  pins,  located  near  the  comers  of  the  pattern  and  operated 
by  cams  that  are  geared  together,  the  pattern  is  raised  about 
one-half  inch  from  the  mold.  The  cams  are  operated  by  a  hand 
lever;  but  from  this  point  on  the  pattern  is  raised  and  carried 
back  to  the  molding  station  by  a  power  hoist  attached  to  a  trolley 
or  crane.  The  drag  mold  is  then  carried  to  the  place  where  the 
cope  mold  is  to  be  placed  on  it. 

In  using  the  plain  flask  the  tub  is  made  in  exactly  the  same 
way,  except  that  the  mold  is  rammed  up  solid  with  sand  and  a 
bottom  board  is  clamped  on  before  the  pattern  is  turned  over. 
Instead  of  small  air  rammers,  a  very  large  rammer  with  a  head 
10  or  12  inches  in  diameter  is  used.  This  rammer  is  built  and 
operated  like  a  steam  hammer,  each  blow,  being  imder  the  con- 
trol of  the  operator.  Molds  can  be  made  very  rapidly  by  this 
method. 

For  making  cope  molds  two  types  of  flask  outfit  are  used  also. 
One  consists  of  a  plain,  deep,  cheek  flask  and  a  shallow-rimmed . 
cope  flask,  which  also  constitutes  a  pouring  box.  The  other 
consists  of  a  single  flask,  with  a  deptli  corresponding  to  that  of 
the  two  flasks  in  the  previous  set,  and  a  separate  light  pouring 
box.     Since  tubs  are  nearly  always  poured  from  the  rim,  both 


100  pQj-  iUustratioa  see  Underhill,  Dillan,  Foundry.  35,  p.  lo.     For  similar  machines  used  in  Germany 
see  Inesberger,  C,  Stabl  und  Eisen,  80,  pp.  579-385. 
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types  of  flask  have  four  projecting  bags  for  the  accommodation 
of  pouring  holes. 

The  cope  is  made  wath  the  surface  corresponding  to  the  outside 
of  the  tub  up.  Around  this  is  placed  the  cheek  flask,  which 
leaves  a  few  inches  between  the  sides  of  the  pattern  and  flask. 
The  position  of  the  flask  is  fixed  by  four  holes  in  the  flask  and 
four  pins  attached  to  the  pattern  or  machine.  The  positions  of 
these  holes  and  pins  are  located  by  the  same  template  used  for 
locating  the  corresponding  ones  on  the  drag  flask  and  machine. 
After  the  cheek  flask  has  been  rammed  up  by  means  of  air  rammers, 
the  cope  flask  or  pouring  box,  as  the  case  may  be,  according  to  the 
type  of  flask  used,  is  clamped  on  and  the  mold  finished.  The 
mold  is  then  lifted  off  the  pattern  by  cams  and  power  hoist  as  in 
the  case  of  the  drag  mold.  It  is  closed  with  the  use  of  a  power 
hoist,  proper  fit  being  instu-ed  by  the  guide  pins  extending  up 
from  the  drag  flask  and  the  holes  in  the  cheek  flask. 

(c)  Methods  of  Handling  Molds. — Two  systems  of  handling 
flasks  and  molds  are  in  use — the  crane  system  and  the  track  sys- 
tem. It  is  not  necessarily  the  case,  but  it  actually  happens,  that 
the  crane  system  is  used  for  moderately  intensive  systems  of  work- 
ing, in  which  25  to  35  tubs  are  made  from  a  mold  in  a  shift,  and 
the  track  system  is  used  for  a  very  intensive  system,  in  which  about 
75  molds  are  made  from  a  pattern  in  a  shift. 

The  general  layout  of  a  tub  foimdry  operated  by  the  crane 
system  is  as  follows.  (See  Fig.  2.)  The  building  is  long  and 
narrow,  with  a  high  roof.  In  the  center  and  at  one  side  are  two 
cupolas  and  in  front  of  each  of  these  are  several  shallow  basins  in 
which  the  tubs  are  placed  to  be  poured. 

Between  the  two  sets  of  pouring  pits  is  a  mechanical  shake- 
out  apparatus  and  sand-tempering  apparatus.  Extending  down 
along  the  walls  of  the  foimdry  are  the  molding  stations.  In  each 
end  is  storage  space  for  extra  patterns  and  flasks.  Overhead  is  a 
traveling  crane  equipment,  fitted  with  at  least  two,  and  some- 
times three,  cranes.  A  bucket  elevator  raises  the  sand  from  the 
shake-out  pits  to  large  reciprocating  conveyors,  working  on  the 
principle  of  a  hoe,  which  feed  it,  thoroughly  tempered,  into  the 
individual  sand  bins  at  the  various  molding  stations.  The  space 
between  the  rows  of  molding  stations,  in  each  end  of  the  shops, 
is  used  for  the  storage  of  finished  molds  if  necessary. 

With  the  crane  system  of  molding,  tubs  may  be  poured  contin- 
uously or  at  the  end  of  the  shift.  In  the  continuous  system  of 
pouring,  the  mold  is  taken  by  an  overhead  crane  from  the  molding 
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station  to  a  potiring  pit.  From  there  it  goes  to  the  shake-out 
rack,  which  is  agitated  by  a  huge  eccentric.  The  casting  is  car- 
ried away  to  the  cleaning  room  by  a  truck  or  light  trolley,  the  flask 
is  taken  back  to  the  molding  station,  and  the  sand  drops  down  on 
to  a  large  belt  conveyor  leading  to  the  sand  elevator.  As  the  sand 
falls  on  to  the  belt  it  is  wet  do\\'n  by  a  spray  of  water,  so  that  by 
the  time  it  passes  up  the  elevator,  through  the  hoeing  conveyors 
and  into  the  sand  hoppers  of  the  various  molding  stations,  it  is 
thoroughly  tempered. 

When  all  the  pouring  is  done  at  the  end  of  the  heat,  the  se- 
quence of  operations  is  about  the  same.  As  fast  as  they  are  needed, 
flasks  are  brought  to  the  molding  stations  by  the  crane  from  the 
storage  spaces  at  the  ends  of  the  foundrv'.  The  finished  molds 
are  stored  in  the  space  between  the  rows  of  molding  stations  tmtil 
near  the  end  of  the  shift.  More  pouring  basins  are  used  than  in 
the  case  of  continuous  melting.  WTien  pouring  is  started,  it  pro- 
gresses quite  rapidly,  the  empty  flasks  being  taken  to  the  storage 
space  at  the  end  of  the  foimdry.  Often  a  few  may  be  placed  near 
each  molding  station. 

This  method  of  pom^g  requires  more  flasks,  more  room,  larger 
sand  bins,  and  somewhat  more  handling  of  flasks  than  the  con- 
tinuous method  of  pouring.  It  has  the  advantage  that  it  is  easier 
to  produce  good  hot  iron  of  imiform  quality  in  periodic  than  in 
continuous  melting.  Since  no  pouring  is  done  during  the  greater 
part  of  the  time  that  molds  are  being  made,  there  is  more  chance 
for  systematized  and  prompt  crane  serv-ice  ^^•ith  the  periodic  sys- 
tem of  pouring. 

In  the  .track  system  of  tub  making,  the  foundr}'  is  oblong  as 
before  with  the  cupolas  at  one  side  near  the  center.  (See  Fig .•3.) 
From  in  front  of  the  cupolas  large  ovals  of  Hght  weight  industrial 
track  extend  toward  each  end  of  the  foundry.  The  equipment 
and  operation  of  these  two  ovals  is  the  same.  Two  cope  machines 
are  situated  in  one  end  of  the  oval  near  the  cupolas  and  two  drag 
machines  in  the  other  end.  A  large  hoeing  conveyor,  feeding  from 
both  ends  to  a  belt  conveyor,  is  placed  at  ground  level  inside  the 
oval  and  paralleling  the  side  opposite  the  cupolas.  This  conveyor 
is  covered  with  a  substantial  grating,  usualh^  made  from  2-inch 
gas  pipe,  and  acts  as  a  shake-out  box.  The  belt  conveyor  leads 
to  a  bucket  elevator  in  the  center  of  the  oval.  This  elevates  the 
sand  ou  to  an  overhead  hoeing  conveyor,  which  distributes  it  to 
sand  bins  feeding  directly  into  the  molding  machines.  Running 
across  the  oval  above  each  machine  is  an  I-beam  trollev  track  on 
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which  a  trolley  with  a  ^ower  hoist,  generally  operated  by  com- 
pressed air,  is  suspended.  Since,  in  this  system  of  molding  tubs, 
open  flasks,  the  large  air  rammer,  and  bottom  boards  are  usually 
employed,  a  short  section  of  trolley  track,  from  which  the  large 
rammer  is  suspended,  is  placed  over  the  drag  machines. 
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FlG.  3. — Floor  plan  of  a  bathtub  foundry  operating  on  a  track  system 

When  completed,  the  drag  molds  are  carried  by  the  trolley  and 
hoist  and  placed  on  a  four-wheeled  car  on  the  side  of  the  oval  track 
toward  the  cupolas.  This  car  is  run  down  opposite  the  correspond- 
ing cope  mold  machine,  and  as  soon  as  a  cope  mold  is  completed 
it  is  closed  over  the  drag.  The  completed  mold  is  run  down  on 
to  the  end  of  the  oval  in  front  of  the  cupolas  and,  when  three  or 
four  have  accumulated,  they  are  poured.  After  the  iron  has  set, 
the  molds  are  run  around  opposite  the  proper  cope  machine.  The 
cope  flask  is  picked  off  by  a  trolley  and  hoist  and  carried  over  to  the 
machine,  any  adhering  sand  being  knocked  out  while  it  is  suspend- 
ed over  the  shake-out  pit.  Next,  the  tub  is  picked  off  and  carried 
to  the  cleaning  room.  The  car  is  then  pushed  forward  to  a  position 
opposite  the  proper  drag  machine;  the  flask,  bottom  board  and 
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overlying  sand  are  lifted  over  the  shake-out  pit,  and  dumped.    The 

flask  and  bottom  board  are  then  carried  on  to  the  drag  machine. 

As  sand  accumulates  in  the  shake-out  pit,  it  is  wet  down  and 

is  well  tempered  by  the  time  it  reaches  the  sand  bins.     The  empty 

car  is  pushed  up  a  sHght  incline,  around  the  end  of  the  oval,  to 

the  receiving  position  for  another  drag  mold. 

In  this  system  more  men  are  worked  on  each  machine  than 

in  the  crane  system,  and  the  number  of  tubs  produced  from  a 

given  number  of  patterns  and  flasks  is  much  larger.     As  high  as 

75  tubs  can  be  made  in  a  lo-hour  shift  from  one  pattern  with  the 

use  of  five  flasks.     The  cost  of  equipment  and  power  per  imit 

output  of  ware  is  less  in  tliis  system  than  in  the  crane  system. 

The  cost  of  labor  is  about  the  same,  with  a  possible  advantage  in 

favor  of  the  track  system  if  it  is  operated  at  highest  efficiency. 

The  drawback  with  the  track  system  is  that  it  is  very  difficult 

indeed  to  coordinate  the  various  operations  of  such  a  large  group 

of  men  so  that  they  all  fit  into  the  desired  schedule  properly.    If 

one  man  slows  down  in  his  work,  he  delays  the  whole  group.     This 

difficulty  is  also  present  in  the  crane  system  but  not  to  so  great  an 

extent,  since  only  four  men  work  in  a  group,  and  if  one  group  is 

delayed   it    does    not   necessarily    hold    up   other  groups.     The 

track   system   has   been  put  into  successful  operation  in  only  a 

few  plants. 

3.  COMPOSITION  OF  IRON 

Any  kind  of  cast  iron  can  be  enameled,  provided  that  it  is 
mechanically  clean.  Therefore  the  composition  of  the  iron  used 
is  generally  dependent  more  on  the  requirements  of  the  foundry 
than  of  the  enameling  room.  A  mixture  is  required  which  is 
fairly  fluid  when  hot,  so  that  it  can  be  used  to  pour  castings  of 
large  area  and  thin  section,  and  one  that  produces  castings  free 
from  blowholes  and  slag  pits. 

(a)  Silicon. — Since  high-silicon  iron  costs  more  than  low-silicon 
iron,  the  foundryman  desires  to  keep  the  silicon  as  low  as  possible. 
The  lowering  of  the  silicon  content  tends  to  produce  close-grained, 
white  iron,  low  in  free  carbon  or  graphitic  carbon.  From  the 
standpoint  of  enameling  this  is  an  advantage,  for,  other  things 
being  equal,  cast  iron  low  in  graphitic  carbon  gives  less  trouble 
in  enameling  than  iron  high  in  graphite.  There  is  always  a 
tendency  for  the  graphite  to  reduce  any  metallic  oxide  with  which 
it  comes  in  contact,  and  to  be  converted  into  carbon  dioxide  gas, 
which  causes  blisters.     In  fact  it  was  once  believed  that  white  iron 
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was  the  only  kind  suitable  for  enameling.""  On  the  other  hand, 
low-silicon  iron  does  not  run  large,  thin  castings  well,  unless  poured 
very  hot,  and  many  of  the  castings  contain  minute  slag  pits. 
Quite  commonly  these  pits  are  almost  closed,  being  connected  to 
the  surface  of  the  castings  by  a  very  minute  hole,  almost  invisible 
to  the  naked  eye.  If  not  discovered  and  punched  open,  each  of 
these  pits  will  be  the  cause  of  a  blister,  due  to  the  expansion  of  the 
air  it  holds,  when  the  casting  is  being  enameled.  In  practice,  the 
silicon  content  of  castings  to  be  enameled  varies  from  1.5  to  2.5 
per  cent. 

(6)  Phosphorus. — Phosphorus  produces  fluid  iron  that  runs  well 
in  thin  castings.  The  higher  the  phosphorus  the  lower  the  silicon 
content  can  be.  On  the  other  hand,  when  the  phosphorus  content 
rises  much  above  i  per  cent  in  cast  iron,  it  tends  to  produce  weak 
castings.  The  phosphorus  content  of  cast  irons  in  this  coimtry 
is  largely  a  matter  of  location.  The  pig  irons  produced  in  the 
northern  part  of  the  United  States  are  low  in  phosphorus,  about 
0.5  per  cent,  and  the  castings  produced  there  are  correspondingly 
low  in  that  ingredient,  averaging  from  0.5  to  0.65  per  cent.  The 
pig  irons  produced  in  the  southern  Apalachian  States  are  high 
in  phosphorus  and  the  castings  for  enameling  produced  from  these 
are  consequently  higher  in  that  element.  When  northern  and 
southern  pig  irons  can  be  had  at  the  same  price,  a  mixture  giving 
about  0.8  per  cent  phosphorus  is  very  satisfactory. 

(c)  Manganese,  Sulphur,  and  Carbon. — The  manganese  con- 
tent of  American  pig  irons  is  rather  definitely  fixed  by  the  avail- 
able ores  at  about  0.5  per  cent.  This  is  fairly  satisfactory,  although 
a  little  higher  manganese  will  give  stronger  iron.  Sulphur  should, 
of  course,  be  kept  low,  since  high  sulphur  causes  misruns  in  the 
foundry  and  produces  castings  that  are  full  of  slag  holes  and  very 
brittle.  It  should  never  exceed  o.  i  per  cent.  The  carbon  content 
is  controlled  by  that  of  the  other  elements  and  so  is  not  specified. 
The  total  carbon  usually  runs  about  3.5  per  cent. 

J.  Grunwald  ""-  gives  the  following  limits  for  cast  iron  for 
enameling  according  to  German  practice: 

Per  cent 

Silicon 2 

Phosphorus i.  4-1.  8 

Manganese 5-7 

*'>^  Only  recently  H,  Vogel  has  advocated  the  use  of  a  layer  of  white  iron  on  gray  for  enameling  purposes. 
Keramische  Rundschau,  23,  p.  109;  1915. 
iw  Stahl  und  Eisen,  30,  pp.  i3oz-x2a6. 
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The  composition  of  castings  used  in  enameling  shops  in  this 
country  is  about  as  follows : 

Per  cent 

Silicon I.  50-''2.  50 

Phosphorus 50-.  60 

Manganese 40-.  60 

Sulphtir 04-.  08 

In  plants  using  southern  iron,  the  compositions  will  run  about 
the  same,  except  that  the  phosphorus  will  vary  from  0.75  to  1.25 
per  cent. 

While,  as  has  been  said,  almost  any  kind  of  iron  can  be  enameled, 
it  is  very  important  from  the  standpoint  of  the  enameler  that 
the  grade  of  iron  used  in  the  foundry  be  kept  imiform.  The 
harder  cast  iron  is — that  is,  the  lower  in  silicon  and  the  higher  in 
sulphur — the  greater  is  its  coefficient  of  expansion.  Since  increase 
in  coefficient  of  expansion  of  enamels  is  generally  secured  by 
increasing  the  percentage  amount  of  fluxing  oxides,  it  is  a  general 
rule  among  enamelers  that  the  harder  the  iron  the  softer  (or  more 
fusible  the  enamel  must  be.  If  the  hardness  of  the  iron  in  the 
castings  coming  from  the  foundry  varies,  trouble  is  likely  to 
arise  from  chipping  or  crazing  in  the  enameling  room. 

XIII.  CLEANING-ROOM  PRACTICE 

In  the  cleaning  rooms  the  castings  are  freed  from  sand  by 
brushing  and  sand  blasting,  and  are  ground  and  filed  until  they 
are  clean  and  smooth,  especially  on  the  surfaces  to  be  enameled. 
In  many  plants  the  annealing  or  "burning  out"  of  at  least  part 
of  the  ware  and  the  welding  of  cracked  castings  is  done  by  the 
cleaning-room  force. 

1.  BRUSHING 

Small  pieces  that  are  not  to  be  enameled,  such  as  tub  feet, 
brackets,  hangers,  etc.,  are  cleaned  in  ordinary  foundry  tumbling 
barrels.  The  larger  pieces  are  generally  brushed  with  wire  scratch 
brushes  to  remove  loosely  adhering  molding  sand.  The  removal 
of  this  sand  does  not  materially  facilitate  sand  blasting,  except 
as  it  greatly  reduces  the  amount  of  dust  in  the  sand-blast  room, 
and  enables  the  men  there  to  work  with  greater  comfort  and 
speed.  It  is  a  humane  measure  that  pays  for  itself.  However, 
brushing  of  castings  is  omitted  in  some  plants,  the  ware  being 
taken  direct  from  the  foundry  to  the  sand-blast  rooms. 

a  Generally  about  2  per  cent. 
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2.  SAND  BLASTING 

Owing  to  the  large  size  of  the  pieces  to  be  cleaned  and  the  great 
variety  of  shapes,  automatic  sand  blasts  have  not  come  into  gen- 
eral use.  Several  attempts  to  employ  these  have  been  made, 
especially  for  tubs,  but  at  present  most  tubs  and  other  wares  are 
cleaned  by  ordinary,  hand-operated  sand  blasts. 

A  sand-blast  room  usually  consists  of  a  chamber  about  10  feet 
square,  lined  with  cast-iron  or  sheet-steel  plates  at  least  to  a 
height  of  5  or  6  feet.  The  sand-blast  machine  is  placed  in  one 
comer.  The  ware  to  be  blasted  is  generally  piled  on  a  grated 
floor  but  tubs  are  often  placed  on  a  small  turntable  while  being 
blasted.  Beneath  the  grating  is  a  semiconical  chute  which  feeds 
the  used  sand  to  a  bucket  elevator,  which  delivers  it  to  coarse 
inclined  screens  from  which  in  turn  it  runs  to  the  sand  hoppers 
over  the  blasting  machines.  An  exhaust  pipe,  connected  to  a 
powerful  fan,  leads  from  the  room  at  some  point,  usually  from  above 
the  ware  that  is  being  blasted. 

Of  course  there  are  many  variations  of  this  arrangement.  The 
sand-blast  machine  may  be  placed  underneath  the  blasting  rooms, 
thus  avoiding  the  use  of  an  elevator.  In  another  system  the 
exhaust  used  is  so  strong  that  the  bulk  of  the  used  sand  is  sucked 
up.  The  grains  coarse  enough  to  be  used  over  again  are  separated 
in  a  dust  collector  located  above  the  level  of  the  sand-blast  ma- 
chine and  returned  to  it  by  a  chute.  This  is  not  an  economical 
method  of  elevating  sand,  but  the  strong  exhaust  is  a  great  aid  to 
working  conditmns  in  the  blasting  room.  Of  course  in  the  typical 
arrangement  it  is  not  necessary  to  have  the  machine  in  the  room. 
In  fact,  for  ease  of  repairs,  filling,  etc.,  it  is  better  to  locate  it  just 
outside  the  wall  of  the  blasting  room.  If  it  is  placed  too  far 
away,  there  is  difficulty  in  returning  the  used  sand  to  it. 

Two  men  generally  work  at  a  sand-blast  chamber.  One  does 
the  actual  blasting,  while  the  other  trucks-  the  ware  in  and  out 
and  attends  tp  the  sand  supply.  Occasionally  they  exchange 
places  in  order  to  give  the  blaster  some  relief  from  dust.  In 
addition  to  an  exhaust  for  removing  dust  from  the  blasting  cham- 
ber, the  operator  is  usually  protected  by  a  helmet  with  a  cloth 
curtain  hanging  down  all  around  on  to  his  shoulders.  In  front 
of  the  eyes,  this  curtain  is  supplied  with  a  glass,  celluloid  or  fine 
wire  gauze  window. 

Glass  and  celluloid  rapidly  become  frosted  and  nontransparent 
from  the  action  of  flying  particles  of  sand.  Moreover,  glass  is 
apt  to  break  and  to  blind  the  workmen.     Gauze  lasts  longer  than 
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either  glass  or  celluloid  and  generally  is  preferred  by  the  workmen. 
Over  his  mouth  and  nostrils  the  blaster  usually  wears  a  damp 
sponge,  either  in  one  of  the  rubber  holders  called  respirators  or 
tied  on  by  a  handkerchief.  Most  men  find  the  respirators  too 
heavy  and  clumsy  for  comfort  and  prefer  the  handkerchief. 
Quite  often  arrangements  are  made  to  run  a  hose  into  the  top  of 
the  helmet  to  supply  the  blaster  with  fresh  air.  This  hinders 
him  in  his  work,  and  he  usually  discards  it. 

There  is  no  question  but  that  sand  blasting,  as  usually  con- 
ducted, is  injurious  to  the  health  of  the  operator.  The  work- 
men are  very  subject  to  pulmonary  diseases.  The  difficulty 
of  affording  them  the  proper  protection  is  increased  by  the  fact 
that  they  are  generally  ignorant  men  working  on  the  piecework 
basis  and  will  not  take  precautions  that  interfere  materially  with 
their  earning  power,  or  that  cause  them  temporary  inconvenience. 
Payment  by  the  day  improves  the  situation  sUghtly  as  regards 
the  health  of  the  workmen  but  cuts  down  the  output  of  work  very 
greatly.  The  nature  of  the  work  and  workrooms  precludes 
careful  supervision,  and  the  class  of  laborers  available  will  not 
give  a  good  day's  work  unless  under  the  eye  of  a  foreman.  The 
devices  used  for  protecting  the  men  must  be  simple  and  fool- 
proof. In  addition  to  those  already  described,  mention  may  be 
made  of  the  use  of  an  air  curtain  and  steel  sand. 

The  air  curtain  is  a  European  device.  It  consists  of  a  sheet- 
like blast  of  air  shot  in  from  a  slot  in  the  floor  in  front  of  the  oper- 
ator and  sucked  out  of  a  similar  slot  about  the  level  of  his  head  by 
an  exhaust  fan.  This  curtain  overcomes  the  objections  to  all 
cloth  curtains,  that  they  interfere  with  rapid  blasting  and  move- 
ment of  the  ware.  It  must  be  remembered  that  it  is  often  nec- 
essary to  turn  a  single  piece  into  three  or  four  positions  during 
the  blasting  operation.  The  writer  does  not  know  of  an  air 
curtain  ever  being  used  in  this  country,  but  if  it  can  be  main- 
tained properly  it  certainly  should  be  an  efficient  protection  to 
the  workmen.  It  would  seem  that  it  would  be  easier  to  maintain 
ah  air  curtain  over  a  smaller  area  than  the  side  of  a  sand-blast 
room.  This  could  be  arranged  by  having  the  ware  nm  on  cars 
through  a  cabinet,  one  side  of  which,  above  the  level  of  the  car 
floors,  would  be  an  air  curtain.  All  turning  of  the  pieces  could 
be  done  outside  the  cabinet.  Of  course  it  would  be  possible  to 
turn  the  pieces  by  reaching  through  the  curtain. 
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A  very  successful  means  of  reducing  the  dust  in  sand  blasting 
which  is  now  employed  in  several  plants  is  the  use  of  a  mixture  of 
crushed  steel  and  round  steel  shot.  It  has  been  found  in  practice 
that  the  use  of  round  steel  shot  alone  tends  to  peen  the  iron,  closing 
the  pores,  and  that  crushed  steel  alone  does  not  clean  off  the  sand 
effectively.  Mixtures  of  the  two  do  very  effective  cleaning  with- 
out closing  the  pores  of  the  iron.  Various  mixtures  are  used. 
One  that  is  quite  satisfactory  is  composed  of  two-thirds  crushed 
steel  that  passes  a  lo-mesh  and  remains  on  a  20-mesh  sieve  and 
one-third  of  round  shot  that  passes  a  20-mesh  and  is  retained  on  a 
40-mesh  sieve.  When  the  castings  are  well  brushed  before  going 
to  the  blasting  room  and  a  strong  exhaust  draft  is  kept  up,  the 
dust  in  the  sand-blast  room  is  very  slight,  indeed,  compared  with 
what  it  is  with  even  the  best  sand.  While  the  steel  sand  costs 
much  more  per  ton  than  silica  sand,  it  lasts  so  much  longer  that 
it  is  cheaper  in  the  end.  In  addition,  the  expense  and  bother  of 
handling  and  drying  large  quantities  of  sand  are  eliminated.  The 
use  of  this  material  seems  the  most  practical  way  of  reducing  the 
dust  menace  in  sand  blasting  large  castings. 

Various  types  of  sand-blasting  machines  are  used.  The  most 
popular  for  this  class  of  work  use  low-pressure  air,  20  to  60  pounds, 
but  a  few  machines  employing  air  at  80  to  100  pounds  are  used. 
In  general,  it  may  be  said  that  the  less  complicated  the  construc- 
tion of  the  machine  the  more  satisfactorily  it  works. 

The  collection  of  the  dust  drawn  out  of  the  blasting  chambers 
is  often  quite'  a  problem.  This  dust  is  always  a  nuisance  and  if 
carried  into  the  enameling  rooms  is  a  serious  cause  of  loss. 
Attempts  have  been  made  to  collect  it  by  blowing  it  tlu-ough  water 
or  through  spray  chambers,  but  these  have  not  been  satisfactory. 
The  fine  particles  of  dust  seem  to  be  covered  with  an  envelope  of 
air  that  keeps  them  from  being  wetted  readily.  A  stream  of  dust 
will  rise  through  several  inches  of  water  .and  float  away.  One 
method  that  has  been  employed  "'  is  to  blow  the  dust  into  the 
bottom  of  a  tower  about  20  feet  high,  5  feet  wide  at  the  bottom, 
and  3  feet  wide  at  the  top.  Near  the  top  of  the  tower,  which  is 
open,  a  steam  jet  is  directed  downward.  As  the  dust  rises,  the 
steam  condenses  on  it  and  precipitates  it. 

A  cleaner  method  and  a  more  commonly  used  one  is  the  collec- 
tion of  the  coarse  dust  in  ordinary  dust  collectors  and  the  fine  dust 
on  a  series  of  cloth  screens.     The  dust  is  jarred  loose  from  the 

"3  Underbill,  Dillan,  Foimdr>-,  35,  p.  266. 
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screens  once  a  day  and  carted  away.     If  this  sort  of  installation 
is  large  enough,  practically  all  the  -dust  can  be  collected. 

3.  GRINDING  AND  FttlNG 

After  the  ware  is  blasted,  all  fine  and  rough  protuberances  are 
ground  off.  For  this  work  stationary,  swinging-frame,  flexible- 
belt,  and  portable  grinders,  operated  by  air  or  electricity,  are 
employed.  Carbortmdum  stones  are  commonly  used.  In  some 
shops  machines  working  on  the  principle  of  a  planer  are  used  for 
grinding  the  rims  of  tubs.  Machines  of  this  type  are  sold  by 
various  grinding  machinery  makers  and  a  homemade  one  is 
described  by  Underbill.'"^ 

Next  the  tub  is  filed  and  rubbed  with  carborundum  stones  until 
every  part  of  the  surface  to  be  enameled  is  smooth  and  free  from 
sand.  Any  small  spot  of  grease  that  may  have  fallen  on  a  piece  is 
removed  with  a  rag  dipped  in  gasoline.  If  the  spots  are  large  or 
numerous,  the  piece  is  given  a  second  light  blasting.  In  hot 
weather  it  is  advisable  to  reblast  all  ware  after  cleaning,  for  the 
soluble  salts  in  the  perspiration  that  gets  on  the  ware  from  the 
hands  of  the  workmen  are  liable  to  cause  blistering  of  the  grotmd 
coat  during  the  enameling  operations. 

4.  WELDING 

When  the  amount  of  ware  produced  at  a  plant  is  large,  it  pays 
to  have  an  oxy-acetelyne  or  an  oxy-hydrogen  welding  outfit  to 
mend  small  cracks,  slag  holes,  and  cold  shots  in  castings. 

5.  ANNEALING  OR  BURNING  OUT 

It  has  long  been  known  that  if  castings  are  heated  to  bright  red- 
ness before  they  are  enameled  they  are  less  likely  to  crack  in  the 
enameling  furnace  and  the  tendency  for  the  foramtion  of  blisters 
is  greatly  reduced.  This  process  is  sometimes  termed  "anneal- 
ing," but  the  shop  phrase  "burning  out"  is  more  expressive,  since 
the  chief  object  is  to  bum  out  sulphm-,  iron  hydroxide,  grease,  and 
other  impvirities  that  cause  blistering  during  the  enameling.  A 
few  plants  bum  out  all  castings,  but  most  of  them  compromise  by 
burning  out  only  rusty  and  greasy  castings  all  the  time  and  all 
pieces  whenever  excessive  blistering  due  to  "dirty"  castings 
develops.  In  some  cases  the  bumiag  out  is  done  before  the  tubs 
are  blasted.  This  obviates  a  second  blasting  with  most  of  the 
castings,  but  biunt-out  tubs  are  harder  to  blast  than  green  ones. 

i<n  Foundry.  85,  p.  268. 
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The  better  way  is  to  clean  and  file  the  ware  ready  for  enameling 
and  then  bum  it  out.  It  then  goes  to  the  sand  blast  for  a  second 
blasting  and  thence  direct  to  the  enameling  room.  Any  pieces 
that  have  stood  in  a  damp  atmosphere  for  a  few  days  after  blasting 
should  be  burned  out,  even  though  they  do  not  look  rusty,  for 
rust  forms  in  the  pores  of  the  iron  and  causes  blisters  during  the 
enameling.  Likewise  all  pieces  on  which  plumbago  or  other  fac- 
ings have  been  used  must  be  burned  out.  In  order  to  get  rid  of 
all  blister-forming  ingredients,  the  burning-out  temperature 
should  be  approximately  that  of  enameling. 

As  explained  in  the  discussion  of  crazing,  the  burning  out  of  cast- 
ings has  a  decided  effect  on  their  contraction  when  cooling  after 
being  enameled  and  therefore  on  the  tendency  of  the  enamel  to 
craze  or  chip.  Bmned-out  castings  require  an  enamel  with  a 
higher  coefficient  of  expansion,  in  general  a  softer  enamel,  than 
green  castings  do. 

XIV.  THE  ENAMELING  PROCESS 
1.  APPLICATION  OF  THE  GROUND  COAT 

After  being  cleaned,  the  castings  should  be  kept  in  a  dry,  warm 
place  imtil  grotmd-coated,  which  should  be  done  within  a  few 
hours.  The  ground  coat  can  be  applied  by  painting,  pouring,  or 
spraying.  In  painting,  a  ground-coat  composition  of  about  the 
consistency  of  thick  gravy  is  spread  over  the  surfaces  to  be 
enameled  by  means  of  flat  painters'  brushes.  Four-inch  brushes 
are  used  for  tubs  and  2-inch  for  small  ware.  The  brush  marks 
are  likely  to  show  through  the  enamel,  especially  if  the  piece  is 
heated  strongly  during  the  firing  of  the  ground  coat  of  enamel. 
The  heat  causes  incipient  blistering  and  swelling  of  the  heavier 
ridges  left  by  the  brush.  For  this  reason  painting  of  ground 
coats  is  not  extensively  practiced.  Sometimes  when  certain 
parts  of  a  piece  are  to  have  an  especially  thick  coat,  these  are 
painted  before  the  piece  is  poured  or  sprayed. 

In  pouring,  enamel  of  about  the  consistency  of  cream  is  poured 
over  the  casting.  If  the  piece  is  small,  it  is  turned  in  various 
positions  and  rocked  backward  and  forward  on  two  rods  extending 
over  a  drip  tub  tmtil  the  ground  coat  is  smooth  on  the  surface  of 
the  whole  piece.  The  thicker  beads,  that  accumulate  at  the 
edges,  are  removed  by  nmning  a  finger  along  them. 

In  the  case  of  tubs  and  other  large  pieces  the  ground  coat  is  poured 
on  as  imiformly  as  possible,  then  the  piece  is  stood  in  various 
positions  and  potmded  with   a  rawhide  mallet.     The  vibration 


148  Technologic  Papers  of  the  Bureau  of  Standards 

tends  to  cause  the  coat  to  run  smooth.  When  done  by  a  skilled 
man,  working  with  ground-coat  enamel  of  proper  consitstency, 
coatmgs  of  very  fair  uniformity  can  be  produced  by  pouring.  It 
is  a  more  rapid  method  than  painting  but  not  as  rapid  as 
spraying. 

It  is  by  spraying  that  the  most  uniform  coats  are  applied,  and 
at  the  same  time  with  the  greatest  speed.  The  spraying  devices 
are  operated  by  compressed  air,  various  types  being  sold  for  the 
purpose.  In  addition,  a  ntmiber  of  kinds  of  home-made  sprayers 
are  used  in  different  plants.  In  general,  it  has  been  found  that 
sprayers  which  depend  on  suction  for  their  supply  of  coating 
give  finer-grained  and  more  uniform  sprays  than  those  depending 
on  pressure.  The  sprays  should  be  as  fine  grained  as  is  consistent 
with  reasonable  speed  of  operation.  The  ware  usually  is  placed 
on  a  turntable  while  being  sprayed.  In  some  shops,  small  ware 
is  sprayed  on  a  regular  small-ware  enameling  table. 

In  spraying  only  one-third  to  t\vo-thirds  of  the  material  coming 
from  the  spray  nozzle  lights  on  the  ware.  Therefore,  the  spraying 
space  should  have  a  smooth  wooden  floor  and  smooth  wooden 
walls  on  three  sides.  If  the  castings  are  clean  all  over  before  they 
go  to  the  spraying  cabinet  and  the  workmen  do  not  carry  in  dirt 
on  their  feet,  the  groimd  coat  on  the  floor  and  sticking  to  the 
walls  may  be  gathered  up,  sieved,  and  used  over  again.  Dust 
from  cement  or  brick  walls  and  floors  is  liable  to  contaminate  the 
ground  coat. 

If  an  exhaust  fan  is  used  to  carry  away  the  vapors  from  the  spray 
chamber,  a  large  box  or  collection  bin  should  be  placed  in  the 
pipe  line.  This  will  act  like  a  dust  collector  and  most  of  the  ma- 
terial carried  away  will  be  deposited.  It  is  best  not  to  try  to  use 
this  recovered  ground  coat  alone  but  to  mix  it  in  small  proportions 
with  fresh  coat. 

The  following  simple  device  for  conserving  labor  and  material 
in  the  spraying  of  tubs  is  in  use  in  several  plants.  The  tub  is 
run  on  a  truck  into  a  three-sided  wooden  stall  having  a  runway 
aroimd  the  top  of  the  sides,  which  extend  a  few  inches  above  the 
rim  of  the  tub.  The  operator  walks  around  the  tub  on  this  run- 
way, spraying  as  he  goes.  The  waste  material  is  caught  by  the 
sides  of  the  stall  and  can  be  reused. 

After  being  ground  coated  the  ware  must  be  kept  imtil  enameled 
in  a  dry,  warm  place  in  order  to  avoid  incipient  rusting  of  the 
iron.  This  time  should  be  brief,  24  hours  at  the  most.  Usually 
the  pieces  are  stored  near  the  enameling  furnaces. 
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2.  ENAMELING-ROOM  EQUIPMENT 

The  enameling  room  is  usually  rectangular  in  shape  with  fur- 
naces along  one  side.  This  room  should  be  well  lighted  and 
ventilated  and  have  a  high  roof,  the  lowest  girders  being  at  least 
20  feet  from  the  floor.  A  high  roof  not  only  makes  a  better 
ventilated  room  but  reduces  the  amount  of  enamel  powder  and 
dust  that  lights  on  the  girders  and  drops  or  is  blown  down  from 
time  to  time.  Latticed  monitors  and  in  fact  any  kind  of  venti- 
lators that  can  retain  dust  are  also  objectionable.  The  overhead 
girders  and  underside  of  the  roof  should  never  be  whitewashed, 
as  the  coating  peels  off  and  spoils  any  hot  enameled  surface  on 
to  which  it  drops.  When  fimiaces  are  built  on  both  sides  of  the 
room  it  is  likely  to  be  dark  and  is  always  very  hot. 

(a)  Furnaces. — The  furnaces  used  for  enameling  cast  iron  are 
large  rectangular  ovens  with  an  arched  roof  and  a  wide  door  at  one 
end.  If  coal  is  used  for  fuel,  the  sides  and  arch  are  built  double, 
forming  a  tight  muffle.  If  gas  is  used,  the  inner  arch  is  some- 
times omitted,  thus  making  a  semimuffle.  For  tubs  the  inside 
dimensions  of  the  muffles  are  about  9  feet  long,  by  6  feet  wide,  by  5 
high  to  the  crown  of  the  arch.  Small-ware  furnaces  are  made 
about  6  feet  square  by  4  high,  inside  dimensions. 

Various  types  of  furnace  are  used,  most  of  the  variations  being 
made  in  the  flue  systems.  Very  elaborate  flue  systems  have  been 
embodied  in  furnace  construction  with  the  idea  that  the  longer  the 
length  of  travel  of  the  flue  gases  in  the  furnaces  the  greater  the 
amount  of  heat  given  up.  This  of  covuse  is  not  necessarily  true. 
These  elongated  flues  are  generally  placed  in  the  roof  and  sides 
of  the  furnace,  which  receive  large  amounts  of  heat  by  radiation 
and  conduction  from  the  muffle  and  heating  flues  proper,  and  it 
happens  often  that  the  combustion  gases  leave  the  flues  at  a 
temperature  fully  as  high  as  that  at  which  they  entered.  In  other 
words,  heat  can  not  be  withdrawn  from  hot  gases  by  leading  them 
through  heated  flues.  In  other  cases,  these  flues  are  placed  farther 
away  from  the  hot  parts  of  the  kiln  and  nearer  the  outside  surfaces. 
The  gases  then  leave  the  flues  at  temperatures  somewhat  lower 
than  the  entering  temperatures .  However ,  the  heat  given  up  simply 
goes  to  heat  portions  of  the  kiLa  exterior  that  are  normally  cool 
and  to  increase  the  radiation  from  these.  The  only  way  possible 
to  extract  heat  in  useful  form  from  hot  flue  gases  is  to  use  the  hot 
gases  for  heating  the  air  used  for  combustion  by  means  of  some 
form  of  regenerator  or  recuperator. 
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In  general,  it  may  be  said  that  the  simple  types  of  fmnace  give 
the  greatest  satisfaction.  Complicated  flue  systems  are  prone 
to  result  in  poor  draft  and  frequent  stoppage  of  flues  with  soot. 
The  more  complicated  the  construction  of  a  kiln,  the  greater  is 
the  probability  of  it  going  to  pieces  under  the  strains  incident  to 
expansion  and  contraction  of  the  furnace  on  heating  and  cooling. 
Complicated  furnaces  are  expensive  to  build,  difficult  to  operate, 
and  expensive  to  keep  in  repair. 

In  Fig.  4  is  given  the  plan  for  a  tub  furnace  that  has  been  used 
with  good  results  in  several  plants.  Part  of  the  flame  from  each 
burner  goes  directly  up  along  the  wall  and  over  the  top  to  the 
central  collecting  flue.  The  main  portion  passes  under  the  floor, 
up  the  opposite  side,  and  over  the  top  to  the  same  collecting 
flue.  The  distribution  of  the  flame  is  controlled  by  the  dampers. 
By  using  a  short  flame  most  of  the  heat  is  generated  imder  the 
bottom  and  in  the  lower  ends  of  the  side  flues,  and  the  products 
of  combustion  enter  the  collection  flue  at  a  comparatively  low 
temperature.  The  material  for  this  furnace  can  be  had  at  reason- 
able prices,  since  the  construction  calls  for  no  special  shapes, 
except  the  cup  bricks  for  the  muffle,  and  these  are  used  in  large 
quantities  by  the  enameling  and  other  industries.  As  shown,  the 
furnace  is  intended  for  the  use  of  natural  gas,  producer  gas,  or  oil. 
The  burners  are  placed  alternately  on  the  sides  of  the  furnace. 
When  used  for  coal,  fire  boxes  are  added  at  one  side,  each  fire  box 
serving  two  flues,  and  all  the  firing  is  done  from  the  one  side. 
By  removing  the  top  arch  of  the  mufiie,  this  furnace  can  be 
converted  readily  into  an  open  arch,  or,  in  other  words,  a  semimuffle 
furnace. 

In  a  few  plants  double-chamber  furnaces  of  this  type  are  used 
in  which  the  firing  is  all  done  on  one  side.  One  part  of  the  pro- 
ducts of  combustion  passes  imder  the  floor  of  both  chambers 
and  up  the  far  wall  of  the  second.  The  other  part  passes  entirely 
over  the  top  of  the  first  chamber,  through  the  division  wall  near 
the  floor  level  and  up  the  inner  side  of  the  second  chamber.  The 
first  chamber  is  always  a  tight  muffle,  but  the  second  usually 
is  operated  as  a  semimuffle  fvunace.  The  final  melting  of  the 
ground  coat  and  all  baking  of  enamels  is  conducted  in  the  first 
chamber,  which  is  kept  at  ordinary  enameling  furnace  tempera- 
tures. The  second  chamber,  which  usually  is  at  a  dull  red  heat, 
is  employed  for  preheating  the  tubs,  covered  with  groimd  coat, 
to  dull  redness. 
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From  a  double  furnace  more  pieces  can  be  turned  out  in  a  given 
time  ^v-ith  less  expenditure  of  fuel  per  piece  than  from  a  single 
furnace.  However,  since  the  double  furnaces  save  nothing  in 
labor,  this  rapid  rate  of  working  is  very  severe  on  the  workman 
and  often  causes  dissatisfaction. 

Another  type  of  furnace  which  has  come  into  use  in  a  few 
plants  bimiing  gas  or  oil  has  no  fire  boxes.  Flames  are  turned 
directly  into  the  furnace  chamber  so  as  to  heat  it  to  a  tempera- 
ture suitable  for  enameling.  The  supply  of  fuel  is  then  shut 
off  and  the  tub  is  enameled  simply  by  the  radiant  heat  of  hot 
furnace  walls.  As  soon  as  the  tub  is  removed  from  the  furnace 
the  flames  are  turned  on  again.  This  type  of  furnace  is  cheap 
to  construct  and  very  economical  in  the  use  of  fuel. 

In  Europe,  where  fuel  is  ver^'  expensive,  a  number  of  types  of 
enameling  fimiaces  equipped  with  recuperators  have  been  built. 
A  few  such  furnaces  have  been  constructed  in  this  country  after 
European  designs.  In  Fig.  5  ^"^  are  shown  the  plans  of  a  European 
furnace  with  a  recuperator  built  integral  with  it.  It  will  be  noticed 
that  the  large  firebox  is,  when  covered  with  a  very  thick  bed  of 
ftiel,  really  a  gas  producer.  This  feature  is  one  of  the  chief  ad- 
vantages of  such  furnaces.  The  air  for  combustion  of  the  gases 
produced  travels  around  the  tubes  of  the  recuperator  and  is  pre- 
heated by  the  outgoing  combustion  gases.  According  to  Damour  ^°' 
recuperation  of  secondary  air  for  furnaces  with  a  working  tem- 
perature of  1 800°  F  will  give  a  fuel  economy  of  30  per  cent  over  di- 
rect firing.  These  furnaces  give  good  satisfaction,  but  it  is  a  ques- 
tion how  much  of  this  efficiency  is  due  to  the  recuperative  feature 
and  how  much  to  the  gas  producer  and  heavy,  heat-retaining  con- 
struction in  general.  The  first  cost  of  these  furnaces  is  quite  high, 
usually  about  double  the  cost  of  a  simple  direct-fired  furnace. 

The  fuel  consvunption  of  any  of  the  foregoing  furnaces  can  be 
materially  decreased  by  covering  them  with  a  layer  of  some  of  the 
heat-insulating  materials  now  on  the  market.  In  regard  to  irons 
and  braces,  it  can  be  said  that  the  more  substantial  these  are  the 
less  the  cost  for  repairs  to  the  furnace.  In  regard  to  the  use  of 
open  arches  versus  tight  muffles  it  is  to  be  considered  that  while 
open  arches  call  for  much  less  fuel  than  closed  arches,  their  use  is 
more  likely  to  give  ware  of  poor  finish  and  contaminated  with  dirt 
from  the  roof  of  the  furnace. 

i«  Schott.  E.  A..  Stahl  und  Eisen.  30,  p.  1536. 
106  Damour,  Emilio,  Industrial  Furnaces,  p.  137. 
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The  doors  to  the  furnace  may  swing  sidewise,  rise,  or  drop  down. 
Swinging  doors,  whether  single  or  double,  suck  out  hot  air  when 
opened  and  push  in  cold  air  when  closed.  Lift  doors  are  liable 
to  cause  dirt  to  be  dropped  onto  a  piece  of  ware  being  taken  out  of 
or  put  into  the  furnace.  Dropping  doors  are  the  cleanest  and  do 
not  cause  air  currents.  The  only  disadvantage  is  that  it  is  not 
possible  for  the  enameler  to  open  them  a  little  way  in  order  to  ob- 
serve a  piece  of  ware  in  the  furnace.  Of  course,  opening  a  door  to 
look  at  ware  is  merely  a  matter  of  habit  and  convenience,  for  the 
piece  can  always  be  inspected  through  a  peephole  left  in  the  door. 
Rising  doors  are  most  commonly  used.  In  most  plants  compressed 
air  is  used  for  operating  tub-furnace  doors,  a  simple  hoist  with  a 
wire  cable  running  over  sheaves  being  the  common  apparatus. 
In  some  plants  electricity  is  employed.  Occasionally  power  is 
used  to  open  small-ware  furnace  doors,  but  the  more  common  prac- 
tice is  to  have  them  opened  by  hand.  Power-operated  rising  and 
dropping  doors  are  counterpoised  so  that  they  are  self  opening,  the 
power  being  used  simply  for  closing  and  keeping  them  closed. 
This  greatly  reduces  the  mechanical  problem  of  operating  the 
doors  and  at  the  same  time  gives  assurance  that  the  furnace  will 
be  open  for  the  extraction  of  ware  if  anything  goes  wrong  with 
the  power. 

(b)  Supporting  the  Ware. — ^The  ware,  while  being  enameled, 
is  placed  on  a  rack  or  table  known  as  an  enameling  table.  This 
is  fitted  with  gears  and  levers  which  permit  the  top  being  tilted 
at  any  angle  to  the  perpendicular,  or  even  turned  upside  down  in 
some  types,  and  revolved  while  in  the  various  positions.  Any 
good  master  mechanic  can  design  such  a  table  and  consequently 
many  varieties  are  in  use,  most  of  them  being  indigenous  to  the 
shops  in  which  they  are  found.  In  general,  the  tables  are  tilted  on 
the  main  horizontal  axle  of  the  frame  and  revolved  around  a  pin 
extending  through  this  axle.  In  tables  not  intended  to  have  the 
top  turned  completely  over,  the  center  of  rotation  is  placed  be- 
tween the  two  bearings  of  the  main  axle.  In  tables  whose  tops 
are  to  be  completely  reversed,  the  center  of  rotation  is  placed  on  an 
end  of  the  main  axle  extending  beyond  both  bearings.  Similar 
tables  are  used  for  enameling  small  ware  but  in  most  cases  these 
are  operated  by  hand. 

Formerly  a  hand  crank  was  used  for  rotating  enameling  table 
tops,  but  in  the  more  modem  plants  the  tops  are  rotated  by  power. 
One  type  of  table  uses  a  reciprocating  air  motor,  which  produces 
a  rotary  movement  by  means  of  a  series  of  cams  articulating  with 
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gears.  Such  tables  are  jerky  in  their  action.  A  much  more  satis- 
factory method  is  the  gearing  of  a  rotary  air  motor  or  small  electric 
motor  to  the  mechanism  ordinarily  used  for  rotating  the  table  top 
by  hand.  The  top  should  rotate  at  a  speed  of  10  to  20  revolutions 
per  minute.  With  an  air  motor  the  speed  can  be  largely  regulated 
simply  by  the  amount  of  opening  of  the  foot  valve  used.  The 
tilting  is  still  commonly  done  by  hand  but  in  a  few  shops  this  is 
done  by  the  use  of  a  small  air  hoist  and  suitable  sheaves  and 
pulleys. 

For  supporting  the  ware  in  the  furnaces  while  being  heated, 
various  sorts  of  racks,  called  "bucks,"  are  used.  These  are  gen- 
erally made  of  heavy  sections  of  cast  iron.  Sometimes  old  railroad 
rails  are  used  for  bucks  for  tubs  and,  less  frequently,  blocks  of 
fire  clay.  The  latter  do  not  warp  nor  deteriorate  by  oxidation 
like  metal,  but  are  difficult  to  shift  about  into  proper  positions  in 
hot  furnaces.  The  best  form  of  buck  for  tall  cylindrical  pieces, 
such  as  lavatory  pedestals  and  drinking  fovmtains,  is  a  heavy  base 
with  an  extension  curved  so  that  a  long  finger  points  horizontally 
toward  the  door  of  the  furnace.  The  pieces  are  fired  on  this  finger 
and,  being  in  the  horizontal  position,  are  heated  much  more  uni- 
formly than  when  fired  in  an  upright  position. 

The  ware  is  put  into  and  taken  out  of  the  furnaces  by  long, 
two-pronged  forks,  which  are  suspended  either  from  a  crane  or 
from  a  trolley  running  on  an  I-beam.  Sometimes  dirt  drops 
off  the  I-beam  into  ware,  but  the  trolley  system  is  steadier  and 
easier  to  handle  than  the  cranes.  In  a  few  plants  the  forks  are 
pivoted  on  a  truck  running  on  tracks  extending  out  from  the 
front  of  the  furnaces.  This  is  a  clean  system,  but  does  not  permit 
of  ready  adjustment  of  the  fulcrum  point  of  the  fork  to  ware  of 
different  heights. 

(c)  Application  of  the  Enamel. — Enamel  powder  is  kept 
more  free  from  dust  and  is  more  readily  obtained  by  the  opera- 
tors working  at  high  speed  while  enameling,  if  it  is  kept  in  a  cov- 
ered receptacle  from  which  it  can  be  made  to  feed  semiautomat- 
ically  in  fixed  quantities  into  the  enameling  sieves  or  dredges. 
Such  contrivances  are  generally  known  in  the  shops  as  "powder 
dummies."  One  form  of  dummy  consists  of  a  large  funnel  with 
a  drum  at  the  bottom  divided  into  six  wedge-shaped  compart- 
ments. The  drum  rotates  on  its  horizontal  axis  and,  except  at 
the  bottom  and  top,  is  entirely  incased  by  close-fitting  walls. 
Whenever  the  contrivance  is  not  being  operated,  one  of  these 
compartments  forms  the  lower  end  of  the  large  fimnel.     When 
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he  needs  enamel  powder,  the  operator  pushes  with  his  sieve  on 
a  rod  reaching  below  the  drtun,  the  movement  of  this  rod  operates 
a  pawl  which  causes  the  drum  to  rotate  one-sixth  of  its  circum- 
ference. In  this  way  one  of  the  compartments  is  emptied  into 
the  sieve. 

A  much  more  simple  form  of  dummy  consists  of  a  large  cir- 
cular funnel  with  a  tubular  extension  on  the  bottom.  This  ex- 
tension is  closed  by  a  swinging  slide  with  a  weighted  projection 
at  the  bottom.  To  operate  this  dummy,  the  enameler  pushes 
with  his  dredge  on  the  weighted  projection.  The  slide  is  thus 
pushed  back  and  the  sieve  brought  into  position  imder  the  tube, 
the  enamel  in  the  tube  immediately  dropping  into  the  dredge. 
When  the  pressure  is  removed,  the  weight  on  the  projection  causes 
the  slide  to  close.  The  enamel  in  the  funnel  proper  slowly  drops 
down  to  fill  the  tube  again.  This  simple  contrivance  is  much 
less  likely  to  get  out  of  order  and  costs  less  for  repairs  than  any 
of  the  more  complicated  diunmies. 

For  protecting  tubs  from  drafts  during  cooling,  covered  stalls, 
called  "  dog  houses,"  just  large  enough  to  hold  one  tub  on  a  truck, 
are  provided.  The  front  of  these  stalls  may  be  open  or  may  be 
provided  with  loose-fitting  doors.  Tight  doors  do  not  allow  a 
tub  to  cool  fast  enough  and  thus  favor  the  growth  of  minute 
crystals  on  the  siu-face  of  the  ware,  which  cause  dull  finish.  These 
stalls  may  be  built  of  any  solid  material.  Sheet  iron  is  not  suit- 
able, especially  for  the  roof.  The  light  sections  of  metal  buckle 
with  heat  from  a  hot  tub  and  throw  dirt  on  to  the  still  soft  enamel. 
It  is  not  customary  to  use  cooling  chambers  for  small  ware. 

The  dredges  used  for  sifting  the  enamel  on  to  the  ware  con- 
sist of  circular  sieves  attached  to  handles  about  5  feet  long.  In 
order  to  have  the  enamel  pass  through  the  screen  in  an  even 
stream,  the  sieves  must  be  vibrated.  In  a  few  shops  this  is  still 
done  by  rapping  the  wooden  handle  of  a  dredge  with  a  beater. 
The  beater  consists  of  a  small  oval  hoop  of  about  three-eighth- 
inch  round  iron  having  a  wooden  handle  fastened  to  one  end. 
The  oval  is  placed  around  the  handle  of  the  dredge  and  worked 
rapidly  up  and  down  by  the  right  hand  of  the  enameler  while  the 
dredge  is  held  by  his  left  hand,  and,  in  the  case  of  large  sieves, 
partially  supported  by  a  counterpoise. 

The  more  common  method  of  vibrating  dredges  is  by  means  of  a 
small  air  or  electric  vibrator  attached  to  the  end  of  a  gas-pipe 
handle  on  the  dredge.  The  common  form  of  air  vibrator  is  a 
small  chipping  hammer  with  a  blunt  point  substituted  for  the 
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chisel.  This  may  be  a  long  rod  with  its  tapping  end  beating  against . 
a  plate  attached  to  the  wall  of  the  sieve,  or  it  may  be  very  short  and 
beat  against  a  hardened  disk  held  in  a  case  at  the  end  of  the  dredge 
handle.  Since  the  whole  dredge,  including  the  handle,  must  be 
vibrated  in  either  case,  the  point  of  application  of  the  blows  is 
obviously  immaterial.  Electrically  operated  vibrators  of  several 
types  have  been  used  but  they  have  not  proved  as  satisfactory  as 
the  air  hammers.  The  introduction  of  mechanical  vibrators  for 
enamel  dredges  has  been  a  great  boon  to  the  enameling  industry. 
They  enable  the  workmen  to  produce  more  and  better  ware  with 
much  less  effort.  P'ormerly,  paralysis  of  the  hand  used  for  beating 
was  not  uncommon  among  enamelers.  For  hand-vibrated  dredges, 
30  to  40  mesh  wire  gauze  is  used,  while  for  power-vibrated  40  to  60 
mesh  is  employed. 

3.  ENAMELING  A  BATHTUB 

Having  previously  been  coated  with  ground  coat,  which  must 
be  perfectly  dry,  the  tub  is  caught  up  along  the  under  side  of  the 
rim  by  one  of  l!he  large  forks,  operated  by  the  two  enamelers,  and 
placed  in  the  furnace.  In  from  7  to  10  minutes,  the  iron  is  a  bright, 
cherry  red,  and  the  ground  coat  has  melted  evenly.  The  piece 
is  quickly  withdrawn  and  placed  on  the  revolving  table.  One  man 
sifts  enamel  onto  the  rim  through  a  small  sieve  while  the  other 
man  coats  in  the  same  manner  the  sides  and  bottom.  The  heat  of 
the  iron  fuses  the  enamel  enough  to  make  it  stick  to  the  surface. 
In  about  three  minutes  the  piece  is  covered  thoroughly,  and  im- 
mediately is  put  back  into  the  furnace.  In  a  few  minutes  the 
enamel  has  melted  smooth,  and  the  tub  is  drawn  and  given  another 
coat.  This  runs  smooth  in  a  few  minutes,  and  the  piece  is  again 
drawn.  Any  blisters  appearing  are  patched  by  being  perforated 
by  a  steel  point  and  covered  with  a  little  mound  of  enamel  powder. 
The  tub  is  given  a  third  light  coat  and  allowed  to  bake.  It  is  then 
drawn,  any  enamel  that  has  run  over  the  edge  of  the  casting  is 
trimmed  off  with  a  large  knife,  and  the  piece  is  allowed  to  cool  in 
a  "dog  house." 

The  proper  enameling  of  a  tub  is  a  matter  of  considerable  skill 
and  judgment.  Each  dredge  must  be  evenly  distributed  over  the 
piece.  If  it  is  too  thin  in  places,  blue  spots  will  show  on  the 
finished  ware;  if  too  thick,  crazing  or  chipping  of  the  enamel 
may  occur.  One  fault  especially  difficult  to  avoid  is  the  tendency 
of  the  enamel  to  run  and  collect  in  rolls  or  beads  at  certain  points. 
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This  spoils  the  appearance  of  the  piece  and  very  often  results  in 
crazing  when  the  tub  cools. 

The  temperature  at  which  practically  all  tub  enamels  mature  is 
very  close  to  iooo°C  (1800°  F).  It  may  not  be  much  higher,  for 
cast  iron  heated  much  above  1000°  C  (1800°  F)  in  an  oxidiz- 
ing atmosphere  becomes  exceedingly  weak  and  brittle.  It  can 
not  be  much  lower,  on  account  of  the  increased  cost.  An  enamel 
that  would  mature  in  a  commercially  feasible  time  at  a  much 
lower  temperature  would  have  to  be  considerably  higher  in  the 
more  expensive  fluxes.  Another  important  consideration  is 
that  an  enamel  which  would  mature  at  a  lower  temperature 
would  be  a  softer  glass,  more  readily  soluble  and  more  liable 
to  deteriorate  under  ordinary  conditions  of  use. 

Though  the  enamel  matures  at  1800°  F,  the  fiunace  is  fired  to 
a  considerably  higher  temperatiu-e.  The  temperature  is  kept  down 
by  the  process  of  enameling.  Every  30  minutes,  or  thereabouts, 
a  cold  tub  weighing  200  to  300  pounds  is  put  in,  heated  to  1800°, 
drawn  out  three  times,  allowed  to  cool  considerably  and  heated  up 
again  after  each  cooling.  This  process  keeps  the  furnace  and  the 
men  busy,  insuring  a  maximum  output  of  ware,  but  it  calls  for 
skill  and  watchfulness  on  the  part  of  the  enameler.  Each  coat 
of  enamel  is  baked  very  quickly ;  it  is  melted  down  in  from  two  to 
five  minutes  in  a  rapidly  rising  heat.  Exposure  for  a  minute  too 
long  in  the  furnace  during  any  one  of  the  four  heating  periods 
may  ruin  the  piece.  The  defect  may  be  burning  up  of  the  slush 
coat,  sulphur  bubbles,  running  off  of  the  enamel,  etc.  If  the  tub 
is  not  heated  sufficiently,  the  result  will  be  pinholes  in  the  coldest 
parts,  and  a  rough,  uneven  coat,  of  poor  luster. 

After  the  tub  is  cold,  it  is  carefully  inspected  as  to  defects  in 
application  and  fit  of  the  enamel,  color,  luster,  etc.  Minute 
crazes  are  readily  detected  by  rubbing  the  surface  with  a  rag 
filled  with  black  grease.  The  tub  is  then  painted  on  the  outside, 
supplied  with  feet  and  fittings,  and  taken  to  the  ware  room. 

Washington,  July  24,  19 19. 
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